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Abstract 
 
Background: Very preterm infants are at risk of neurodevelopmental impairments including 
visual and cognitive deficits. Early identification and prognostication of at-risk infants may 
enable early intervention and support, thus optimising outcomes. Electroencephalography 
(EEG) and Magnetic Resonance Imaging (MRI) are methods sensitive to aspects of brain 
maturation and may provide potential predictive biomarkers of deficits.  
 
Aims: To investigate the associations between EEG or MRI at term equivalent age (TEA) 
and: 
1) visual function at TEA;  
2) visual function at 3 months corrected age (CA); and  
3) cognitive function at 12 months CA. 
 
Methods: Very preterm infants (n=146, born ≤30weeks gestational age, GA) without any 
major congenital or chromosomal abnormality were recruited. EEG was recorded at TEA 
and artefact-free data during active sleep were extracted for quantitative analyses. Power 
spectral, coherence and partial directed coherence (PDC) analyses were conducted in 
each frequency band at chosen electrodes. Frequency ranges analysed were: delta (0.5-
2Hz), theta (2-6Hz), alpha (3-13Hz), and beta (13-30Hz). Parietal and occipital electrodes 
were chosen for vision-related analyses and frontal and central electrodes for cognition-
related analyses. 
 
Brain MRI was carried out at TEA. Diffusion tensor model was used to estimate the 
fractional anisotropy (FA) and mean diffusivity (MD). Constrained spherical deconvolution 
and whole brain probabilistic tractography were computed. Tracts of interest were optic 
radiation (OR) for vision-related analyses and corpus callosum (CC) for cognition-related 
analyses. Mean FA and MD for each tract were calculated. 
 
Visual function was assessed using the Neonatal Visual Assessment performed at TEA 
and 3 months CA. Cognitive function was assessed using Bayley Scales of Infant and 
Toddler Development-3rd edition at 12 months CA.  
 
Univariate linear regression modelling was used to determine the relationship between 
predictor variables (EEG or MRI measures) and outcome variables (visual or cognitive 
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scores). After adjusting for confounders, multivariate linear regression modelling and F test 
were used to determine the most parsimonious model (which demonstrates the most 
explanatory power regarding a significant relationship with the fewest confounders) for 
informing outcomes. 
 
Results: For visual function at TEA: although age (in weeks, postmenstrual age) was the 
most informative marker for visual function at TEA, EEG (power and coherence measures) 
and MRI (mean FA at OR) contributed to the association. Relative delta at electrode PZ 
was negatively associated with visual total score at TEA (B=-67.94, p<0.01). Positive 
associations between relative theta power and visual total score were observed at 
electrodes PZ, P3 and P4 (B=90, p<0.01; B=51.88, p<0.05; B=56.49, p<0.05). Beta 
coherence at electrode pairs P3-O1 and P4-O2 were negatively associated with visual 
total score at TEA (B=-9.45, p<0.05; B=-12.56, p<0.01). In dMRI analyses, mean FA at OR 
left and right were positively associated with visual total score at TEA (B=83.2, p<0.01; 
B=67.65, p<0.05). 
 
For visual function at 3 months CA: visual total score at TEA could not predict visual total 
score at 3 months CA. EEG (power and PDC measures) at TEA were independently 
associated with visual function. Relative delta power at electrode PZ was negatively 
associated with visual total score at 3 months CA (coefficient=-28.63, p<0.05). Positive 
associations between relative power and visual total score at 3 months CA were observed 
in alpha frequency band at electrode P4 (coefficient =101.94, p<0.05) and beta frequency 
bands at electrodes PZ, P3, and P4 (coefficient =261.21, p<0.05; coefficient =199.16, 
p<0.05; coefficient =251.55, p<0.01). Positive associations between mean PDC values 
and visual total score at 3 months CA were observed across all four frequency bands at 
electrode pairs directed towards electrode O2 (coefficient=29.96-43.45, p<0.01). In dMRI 
analyses, mean FA at OR left was positively associated with visual total score at 3 months 
CA. 
 
For cognitive function at 12 months CA: EEG coherence measures and MRI (FA and MD 
at CC) at TEA were independently associated with cognitive function. Negative 
associations were observed between coherence measures and cognitive composite score 
at 12 months CA in delta frequency band at electrode pair C3-C4 (B=-40.03, p<0.05), 
theta frequency band at electrode pair F3-P3 (B=-25.68, p<0.05), and beta frequency band 
at electrode pair F3-P3 (B=-53.80, p<0.05). In dMRI analyses, mean FA measures from 
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full and frontal segment of CC were positively associated with cognitive composite score at 
12 months CA (B=161.25, p<0.01; B=152.91, p<0.01). Mean MD measures from full and 
frontal segment of CC were negatively associated with cognitive composite score at 12 
months CA (B=-61083.35, p<0.05; B=-43600, p<0.05). 
 
Conclusions: EEG and MRI may inform outcomes in very preterm infants. Parietal EEG 
power and occipital PDC measures are particularly informative on visual outcome at 3 
months CA and dMRI measures (FA and MD) at CC on cognitive outcome at 12 months 
CA.  
 
Although qEEG and dMRI measures for prognostication remain research tools, future 
research using larger sample sizes with various EEG and MRI parameters would enable 
prognostication of outcomes. This would allow accurate early identification of at-risk infants 
and early intervention and family support.  
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Chapter 1 Introduction 
 
1.1 Background 
There are an estimated 15 million preterm births (born <37 weeks gestational age, GA) 
worldwide every year (Blencowe, Cousens et al. 2012). Survival rates of preterm born 
infants are increasing due to medical advances and improved neonatal intensive care 
(Cooke 2006, Fanaroff, Stoll et al. 2007, Stoll, Hansen et al. 2015). This has resulted in an 
increase in total preterm survivors. Up to 75% of this population will develop 
neurodevelopmental deficits and impairments later in life (Monset-Couchard, De 
Bethmann et al. 2002, Aylward 2014). Adverse outcomes in very preterm infants include 
delayed development in cognitive and memory impairments, language and executive 
function, learning difficulties and visual impairments (Bhutta, Cleves et al. 2002, Holsti, 
Grunau et al. 2002, Anderson and Doyle 2004, Marlow 2004, Caravale, Tozzi et al. 2005, 
Marret, Ancel et al. 2007, Dall'oglio, Rossiello et al. 2010, Aylward 2014).  
 
One of the possible reasons for the higher rate of adverse outcomes in preterm infants is 
that preterm birth and early exposure to the extra-uterine environment impact adversely on 
the brain during a period of rapid development (Marlow 2004). Detailed explanations 
behind these adverse outcomes in the very preterm population are yet to be fully explored.  
The increased survival rate and higher proportion of infants born preterm have resulted in 
more infants being at risk of neurodevelopmental abnormalities (Perlman 2001, Larroque, 
Ancel et al. 2008). Therefore it is vital to have early identification of those preterm infants 
who are at risk of neurodevelopmental abnormalities to enable them to be enrolled into 
early intervention trials, treatment and support for optimal outcomes (Spittle, Anderson et 
al. 2010, Spittle, Orton et al. 2015).  
 
In particular, early visual function is known to significantly affect later developmental 
outcome including cognitive function (Mercuri, Haataja et al. 1999, Cioni, Bertuccelli et al. 
2000, Ricci, Romeo et al. 2011, Atkinson and Braddick 2012). Children with visual 
impairment tend to have difficulty learning to read, thereby negatively affecting cognitive 
development later in life. However most of the previous studies on visual development 
have focused on the more mature visual aspects in the postnatal period (Atkinson, Anker 
et al. 2002). Therefore it has been challenging to provide early prognosis of visual 
impairments during the neonatal period in the very preterm population.  
  Chapter 1 
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Up to 60% of very preterm children develop cognitive impairment (Holsti, Grunau et al. 
2002, Anderson, Doyle et al. 2003, Aylward 2014). They are known to have poorer 
cognitive function at school age (up to 14 years of age) (Bhutta, Cleves et al. 2002) to 
adulthood at 26 years of age (Breeman, Jaekel et al. 2015), when compared to those born 
at term. Early interventions have been shown to benefit cognitive development (Luciana 
2003, Spittle, Orton et al. 2015), hence early identification and prognosis of at-risk preterm 
infants may optimise later cognitive outcome. 
 
This thesis aims to investigate tools that may aid in early prognostication of visual and 
cognitive function up to 12 months of age. 
 
1.2 Electroencephalography (EEG) 
Electroencephalography (EEG) is an established method that is non-invasive and 
relatively inexpensive to assess brain function in both healthy and abnormal states in 
newborn infants (Tharp, Scher et al. 1989, Walls-Esquivel, Vecchierini et al. 2007, Levene 
and Chervenak 2009, van Putten 2009, Perivier, Roze et al. 2016). EEG electrodes, 
typically placed on the scalp, record the electrophysiological activity of the brain, 
predominantly of the cerebral cortex (Mizrahi, Hrachovy et al. 2004, van Putten 2009, 
Niedermeyer, Schomer et al. 2011). EEG is traditionally displayed as a voltage fluctuations 
over time at each electrode. Scalp EEG primarily measures activity in large populations of 
synchronised cortical neurons, particularly pyramidal neurons (van Putten 2009, 
Niedermeyer, Schomer et al. 2011).  
 
Examining the electrophysiological activity of the brain in preterm neonates, using EEG, 
may give novel insights into the neurodevelopmental deficits or delays that are common in 
preterm infants (Volpe 2009, Klebermass, Olischar et al. 2011), and assist in clinical 
prediction of neurological and functional outcomes (Levene and Chervenak 2009, van 
Putten 2009, Niedermeyer, Schomer et al. 2011). Numerous studies have reported that 
EEG analysis is a more effective prognostic tool of neurofunctional outcomes (Holmes and 
Lombroso 1993, Selton, Andre et al. 2013, Singh and Shrivastava 2013, Fogtmann, 
Plomgaard et al. 2017) in both preterm and full-term infants than neurological examination 
alone. Abnormal EEG, is defined as atypical patterns in background features such as 
amplitude, frequency, continuity, inter-hemispheric synchrony, symmetry, maturation, 
sleep state, and waveform morphology of the EEG recordings (Holmes and Lombroso 
1993). An increased risk of poor outcomes with longer durations of abnormal EEG is 
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observed in both preterm and term neonates (Holmes and Lombroso 1993). Later studies 
confirmed that EEG background activity was the most robust predictor of outcome 
(Wertheim, Mercuri et al. 1994, Biagioni, Bartalena et al. 1999, Maruyama, Okumura et al. 
2002, Fogtmann, Plomgaard et al. 2017), based on analyses of frequency, amplitude and 
coherence features (Jiang 2005, PizzaGalli 2007, Schumacher, Larsson et al. 2013, 
Suppiej, Cainelli et al. 2017). This thesis includes a systematic review of the utility of EEG 
background features to predict outcome.  
 
Systematic review (submitted journal article) 
A systematic review was conducted to assess the ability of background EEG features to 
predict cognitive outcomes in very preterm infants. ‘Background EEG features and 
prediction of cognitive outcomes in very preterm infants: A systematic review’. It has been 
submitted to Early Human Development and is attached in Appendix 3. 
A brief summary of the review is as follows: Two reviewers independently conducted a 
literature search in PubMed, CINAHL, PsycINFO, Cochrane Library, Embase and Web of 
Science to April 2018. Studies included contained EEG assessed at ≤43 weeks 
postmenstrual age (PMA) and cognitive outcomes assessed ≥3 months of age in very 
preterm infants born ≤34 weeks GA. Data on the sample, EEG features, cognitive 
assessment, and main findings were extracted. Meta-analysis was performed and pooled 
sensitivity and specificity were computed. Thirty-one studies (n=4712 very preterm infants) 
met the inclusion criteria. The age at EEG, length of EEG recording, EEG features 
analysed, age at follow-up, and follow-up assessment times and types were diverse. Four 
papers reporting dysmature/disorganised EEG patterns were meta-analysed and the 
pooled sensitivity and specificity for predicting cognitive outcomes were 0.63 (95%CI: 
0.53-0.72) and 0.83 (95%CI: 0.74-0.89) respectively. Whilst background EEG features can 
predict cognitive outcomes in very preterm infants, the studies were too heterogeneous to 
determine which EEG features are best at predicting cognitive outcome. 
 
Most papers included in the systematic review analysed EEG features by visual inspection 
which can be subjective and biased. A recent paper suggested that visual inspection of 
EEG can only predict severe brain damage and is not sensitive for less severe cases 
(Suppiej, Cainelli et al. 2017). This may be due to the rapid brain development that occurs 
in the neonatal period and the difficulty in using visual inspection to correctly identify 
abnormalities (Ferrari, Torricelli et al. 1992, Nunes, Da Costa et al. 1997, Mizrahi, 
Hrachovy et al. 2004, Tokariev, Videman et al. 2016). Quantitative analysis of EEG may 
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be a more sensitive tool with the capacity to predict less severe later neurodevelopmental 
abnormality. 
 
Quantitative EEG (qEEG) 
Although visual analysis of EEG background features has been performed for decades, it 
is subjective and requires considerable clinical knowledge and experience (Tong and 
Thakor 2009). In contrast, quantitative EEG (qEEG) provides objective quantitative 
measures of EEG background activity that allows a more detailed investigation in brain 
development, and the detection of even mild abnormalities (Mandelbaum, Krawciw et al. 
2000, Tong and Thakor 2009). Classical qEEG analysis includes power spectral and 
coherence analyses in the frequency domain (Tong and Thakor 2009). Such frequency 
analyse can provide indication of brain maturation (André, Lamblin et al. 2010, Niemarkt, 
Jennekens et al. 2011, Meijer, Hermans et al. 2014) and are introduced in more detail in 
the following pages. 
 
Frequency bands 
In adult EEG analyses, theta and alpha frequency bands have shown significant 
correlations with various cognitive functions (Klimesch 1999, Orekhova, Stroganova et al. 
1999, Kahana, Seelig et al. 2001, Kirk and Mackay 2003, Aftanas, Reva et al. 2004, 
Hinault, Lemaire et al. 2016) including working memory (Sarnthein, Petsche et al. 1998, 
Gevins and Smith 2000, Sammer, Blecker et al. 2007). In particular, a negative correlation 
between adult theta frequency band and cognitive performance was observed, whereas 
the adult alpha frequency band showed the opposite (Klimesch 1999).  
 
Conventional adult frequency ranges (i.e., delta: <4Hz, theta: 4-7Hz, alpha: 8-15, beta: 16-
31, gamma: >32Hz) (Niedermeyer and Lopes da Silva 1993), are slightly different from 
neonatal frequency ranges. Neonatal frequency ranges are typically classified into delta 
(0.5-2Hz), theta (2-6 Hz), alpha (6-13 Hz), and beta (13-30 Hz) (Meijer, Hermans et al. 
2014) because the neonatal EEG frequency bands are predominantly at lower frequency 
than in adult EEG. These neonatal frequency ranges are used in analysis in this thesis. A 
recent neonatal study investigating functional connectivity in very preterm infants (Meijer, 
Hermans et al. 2014) showed that functional connectivity across similar frequency ranges 
were significantly associated with maturation, a finding supported by other studies (Scher, 
Steppe et al. 1996, Scher, Steppe et al. 1997, Jenni, Borbely et al. 2003, Scher, Jones et 
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al. 2003, Tolonen, Palva et al. 2007, Guzzetta, D'Acunto et al. 2011, Niemarkt, Jennekens 
et al. 2011, Suppiej, Cainelli et al. 2017).  
 
The most abundant frequency band in adult EEG is alpha whereas in neonatal EEG is 
delta (Smith 1938, Lindsley 1939, Clarke, Barry et al. 2001, Vecchierini, Andre et al. 2007, 
Scher 2008, André, Lamblin et al. 2010, Niemarkt, Jennekens et al. 2011). Although the 
frequency of adult EEG and neonatal EEG is different, similar findings between EEG and 
brain function have been observed across all ages. Associations between neonatal theta 
and alpha frequency bands and function were observed in infants as young as 8 months of 
age (Orekhova, Stroganova et al. 1999, Orekhova, Stroganova et al. 2001, Bell 2002). 
Higher power values across neonatal theta and alpha frequency ranges occurred during 
working memory when compared to baseline at 8 months of age in 62 healthy infants (Bell 
2002). Although previous studies have shown evidence of associations between EEG and 
brain functions in adults, there is little known in the neonatal field. 
 
Power spectral analysis 
Power spectral analysis, which is the principal qEEG analysis method that has been 
applied in newborn infants, is particularly sensitive to developmental aspects and brain 
injury in the neonatal brain (Hellstrom-Westas and Rosen 2005, Brito, Fifer et al. 2016). 
Power spectral analysis, computed using the Fast Fourier transform algorithm, gives 
quantitative measures of the intensity of EEG activity at particular EEG frequencies, 
measured as amplitude or power (Tolonen, Palva et al. 2007). Numerous studies have 
analysed different frequency bands in relation to maturation in the neonatal brain (Bell, 
McClure et al. 1991, Scher, Sun et al. 1994, Scher, Steppe et al. 1997, Niemarkt, 
Jennekens et al. 2011). Two types of power measures, absolute and relative power, have 
been used. Absolute power refers to the “raw” EEG power values, from the power 
spectrum, for a nominated EEG frequency or frequency range. Relative power measure is 
the percentage of that frequency band’s absolute power relative to the total power 
summed across all four conventional frequency bands. Relative power measures are 
suggested to be more sensitive to the frequency-specific EEG changes with age (Clarke, 
Barry et al. 2001). Lower power in higher frequency bands (theta, alpha, and beta) occurs 
in preterm infants compared to term born infants whereas delta power decreases with 
maturation (Scher, Sun et al. 1994, Scher, Sun et al. 1994). 
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Of the four standard frequency bands, the delta frequency band is the most abundant 
frequency in both preterm and term infants during the first two years of life (Schulte and 
Bell 1973, Havlicek, Childiaeva et al. 1975, Harper, Leake et al. 1981, Willekens, 
Dumermuth et al. 1984, Scher, Sun et al. 1994, PizzaGalli 2007). This suggests that 
relative delta power may be a useful neurophysiological marker of neonatal brain 
development. Previous studies have shown significant negative associations between 
relative delta power and maturation in both preterm and term born infants (Bell, McClure et 
al. 1991, Niemarkt, Jennekens et al. 2011). This negative relation with age is consistent 
with higher relative delta power observed in preterm infants compared to term (Bell, 
McClure et al. 1991, Scher, Sun et al. 1994, Scher, Steppe et al. 1997, Niemarkt, 
Jennekens et al. 2011). By the time of late childhood, the dominant EEG frequency (of 
highest power) has transitioned from delta to alpha (Korotchikova, Connolly et al. 2009). 
This indicates a maturational trend in spectral power across the neonatal frequency bands 
(from low to high frequency) (Smith 1938, Lindsley 1939, Clarke, Barry et al. 2001, 
Vecchierini, Andre et al. 2007, Scher 2008, André, Lamblin et al. 2010). Hence the relative 
power values across these neonatal frequency bands may be crucial markers of typical 
neonatal brain development. Power spectral analysis, especially relative power measures, 
are therefore examined across the four neonatal frequency bands in this thesis. 
 
A recent paper described the relationship between EEG power spectral and one-year 
outcome in a very preterm cohort (Suppiej, Cainelli et al. 2017). Lower relative delta power 
and higher relative alpha and beta power were correlated with poorer developmental 
quotient (DQ) in Griffiths Mental Development Scales. This is the only observational study 
in the literature to have investigated the ability of qEEG /power spectral analysis to predict 
later outcome (in this case, at one year of age) in preterm neonates. Although the results 
were reported to show qEEG /power spectral analysis to be a useful tool for prognosis in 
at-risk infants, the study was of only 12 very preterm infants and infants with abnormal 
EEG were excluded. Hence the full potential of the prognostic ability and its usefulness in 
clinical application remains to be confirmed in a larger cohort. 
 
Using EEG power spectral analysis across all neonatal frequency bands, I aim to examine 
its relationship with functional outcomes at various time points after birth in a larger 
preterm cohort excluding only infants with major chromosomal/congenital abnormality. 
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Coherence analysis 
Coherence analysis, another qEEG measure, has been used as a sensitive marker to 
examine the functional connectivity in the developing brain from neonates to young adults 
(Saltzbertg, Burton et al. 1986, Thatcher, Krause et al. 1986, Scher, Sun et al. 1994, 
Weiss and Mueller 2003, Eisermann, Kaminska et al. 2013, Meijer, Hermans et al. 2014). 
It measures the synchrony of EEG activity between two electrodes (i.e., regions) and 
provides quantitative measures of neuronal connectivity and integrity of the intra- and sub-
cortical networks (Walter 1968, Nunez, Srinivasan et al. 1997).  
 
Furthermore a review conducted by Weiss and Muller (2003) demonstrated that coherence 
analyses can be used to show various cognitive processes which involve large scale 
neuronal synchronizations in the adult brain. Co-activation from different brain regions 
during various cognitive processes result in these synchronizations. They can be 
interpreted as increased coherence measures in specific frequency bands. Higher overall 
inter- and intra-hemispheric correlations across the frequency bands were previously 
found in preterm infants when compared to term born infants (Scher, Sun et al. 1994), 
indicating that coherence may provide insights on functional connectivity in neonatal brain 
development.  
 
A trend of coherence across the neonatal frequency bands was recently observed in a 
small preterm cohort (n = 32, born <37 weeks GA) where inter-hemispheric connectivity 
developed from high intensity in low frequencies to low intensity in high frequencies during 
the neonatal period (between 28-38 weeks PMA) (Meijer, Hermans et al. 2014). The 
authors examined EEG coherence measures during maturation in very preterm infants and 
also found a similar trend with higher frequencies in the electrodes over the occipital 
region. This indicates greater inter-hemispheric functional connectivity in posterior regions 
and supports the concept of posterior to anterior developmental maturation. These 
previous findings suggest that regional cortical connectivity matures at different rates and 
times during neonatal brain development, and it can be examined with coherence analysis. 
Hence this thesis also investigates the relationship between coherence measures across 
the neonatal frequency bands and functional outcomes. 
 
Partial Directed Coherence (PDC) analysis 
Partial Directed Coherence (PDC) is a qEEG technique that also quantifies the pathways 
linking two signals (Sameshima and Baccalá 1999, Baccala and Sameshima 2001). 
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Although coherence analysis provides information on the interactions between the regions 
of interest in neonatal brain development, it does not deliver the direction of the 
relationships between the regions. PDC, on the other hand, has the ability to estimate both 
the direction of the connection as well as define the direct and indirect interactions 
between brain regions (Sameshima and Baccalá 1999, Baccala and Sameshima 2001). 
PDC analysis has been used to assess the functional connectivity in the brain from 
neonates to adults (Astolfi, Cincotti et al. 2006, Schelter, Winterhalder et al. 2006, Zhu, 
Guo et al. 2011, Japaridze, Muthuraman et al. 2013). In particular Zhu et al. (2011) 
investigated the developing and ageing cortical networks in children (0-10 years), adults 
(26-38 years), and elderly (56-80 years) participants using PDC analysis. The findings 
suggested that PDC is a powerful technique for providing insights into the characteristics 
of the functional connectivity throughout development and ageing.  
 
The use of PDC has only recently been proposed as a tool for newborn EEG analysis 
(Milde, Putsche et al. 2011, Omidvarnia, Mesbah et al. 2011, Japaridze, Muthuraman et al. 
2013). I aim to explore its potential for informing prognostication of functional 
neurodevelopment in a very preterm cohort. 
 
In summary, the qEEG analyses discussed above can help provide quantitative 
information on brain functional maturation and may predict functional outcome in very 
preterm infants. Furthermore brain functions are also strongly associated with the structure 
of the developing networks.  
 
While qEEG provides measures of functional development in the neonatal brain, magnetic 
resonance imaging (MRI) provides insight into the structural aspects in brain development. 
To examine structural brain development in our very preterm cohort, this thesis also 
explores the value of MRI in relation to neurodevelopmental outcomes. 
 
1.3 Magnetic Resonance Imaging (MRI) 
Magnetic Resonance Imaging (MRI) has been widely used in clinical settings to assess 
brain structure non-invasively in vivo and it has been shown to be a sensitive tool in 
detecting both grey and white matter abnormalities in neonates (Inder, Anderson et al. 
2003, Miller, Cozzio et al. 2003, Thompson, Inder et al. 2012, Hintz, Barnes et al. 2015). 
Many studies have shown significant correlations between white matter injuries assessed by 
MRI at term equivalent age and neurodevelopmental impairments, including cognitive, 
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neurobehavioural and working memory impairments (Mercuri, Guzzetta et al. 1999, 
Woodward, Mogridge et al. 2004, 2005, 2006, Howard, Roberts et al. 2011, Spittle, Cheong 
et al. 2011, 2012). In particular, a study assessed neurodevelopmental outcome using the 
same measure as used in this thesis (BSITD-III) in a large very preterm cohort (n=167, born 
<30 weeks gestation) (Woodward, Anderson et al. 2006). MRI at term equivalent age was 
observed to predict adverse neurodevelopmental outcomes at 2 years CA. Thus white 
matter abnormalities in MRI can be a useful predictor of neurodevelopmental impairments, 
including poorer cognitive performance and neurosensory impairments (i.e. visual and/or 
hearing deficits).  
 
Relatively thick slices on MRI in the smaller brain of very preterm infants, may lead to 
failures in detecting more subtle abnormalities during the neonatal period using 
conventional MRI (Valkama, Päkö et al. 2000). Advanced imaging techniques such as 
diffusion tensor imaging (DTI) can quantify the microstructural characteristics of the 
developing brain in very preterm infants (Huppi and Dubois 2006, Thompson, Inder et al. 
2012). These imaging analyses are also useful prognostic tools in very preterm infants of 
later neurodevelopmental outcomes including cerebral palsy, in preterm infants 
(Woodward, Anderson et al. 2006). 
 
Diffusion Tensor Imaging (DTI) 
Diffusion Tensor Imaging (DTI) is one advanced imaging technique that to assess the 
micro-structural development and subtle injury in white matter (Huppi and Dubois 2006, 
Thompson, Inder et al. 2012). DTI measures the water diffusivity in the white matter which 
is restricted and hindered by axonal myelination and organisation (Le Bihan, Breton et al. 
1986, Inder, Huppi et al. 1999, Huppi, Murphy et al. 2001, Ludeman, Berman et al. 2008). 
DTI provides quantitative information on local microstructural and structural connectivity 
characteristics of white matter tracts, non-invasively in the living neonatal brain (Pierpaoli, 
Jezzard et al. 1996, Partridge, Mukherjee et al. 2005, Mukherjee and McKinstry 2006, van 
Pul, Buijs et al. 2006, Gilmore, Lin et al. 2007, Aeby, Liu et al. 2009, Adams, Chau et al. 
2010, Feldman, Yeatman et al. 2010, Liu, Baleriaux et al. 2010, Salmela, Cauley et al. 
2010, Thompson, Inder et al. 2011, Pannek, Guzzetta et al. 2012). In white matter 
development or injury, various factors such as myelination and organisation can influence 
water diffusivity in the brain (Le Bihan, Breton et al. 1986, Dubois, Dehaene-Lambertz et 
al. 2008).  
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DTI provides quantitative measures such as fractional anisotropy (FA), which measures 
the underlying fibre tract orientation and microstructural integrity, and mean diffusivity 
(MD), which measures the diffusion across the tract of interest (Pierpaoli, Jezzard et al. 
1996, Inder, Huppi et al. 1999, Huppi, Murphy et al. 2001, Ludeman, Berman et al. 2008, 
Berman, Glass et al. 2009, Teipel, Pogarell et al. 2009, Pannek, Guzzetta et al. 2012, van 
Kooij, de et al. 2012, Kaur, Powell et al. 2014). By measuring the degree and direction of 
water diffusion restriction across a specific white matter region in the brain, DTI can 
assess the structural development of that region including degree of axonal myelination 
and organisation (Basser, Mattiello et al. 1994, Basser, Pajevic et al. 2000, Le Bihan, 
Mangin et al. 2001, Bammer 2003, Le Bihan 2003, Dubois, Dehaene-Lambertz et al. 2008, 
Rose, Butler et al. 2009, Teipel, Pogarell et al. 2009). Increasing FA and decreasing MD 
occur during maturation of the neonatal brain (Huppi, Maier et al. 1998, Schneider, Il’yasov 
et al. 2004, Dubois, Dehaene-Lambertz et al. 2008). This can be explained by the increase 
in axon myelination and decrease in water content of a developing brain (Dubois, 
Dehaene-Lambertz et al. 2008). This is consistent with less mature (i.e., lower FA values) 
white matter in very preterm infants in previous studies (Yoo, Park et al. 2005, Thompson, 
Lee et al. 2014). Lower FA and higher MD in the major white matter tracts (including the 
corpus callosum and corticospinal tract) are often observed in the premature brain 
(Counsell, Edwards et al. 2008, Dubois, Dehaene-Lambertz et al. 2008, Cheong, 
Thompson et al. 2009, Cheong and Doyle 2012, Kaur, Powell et al. 2014). 
 
White matter abnormalities observed at term equivalent age were also found to be 
associated with the type and severity of neurodevelopmental impairments (Humphreys, 
Whiting et al. 2000).  Significant differences in diffusion measures were observed between 
abnormal and normal outcomes in preterm infants (Arzoumanian, Mirmiran et al. 2003). 
Previous studies also showed diffusion measures such as FA and MD are associated with 
neurodevelopmental outcome in preterm infants (Masutani, Aoki et al. 2003, Krishnan, 
Dyet et al. 2007, Rose, Mirmiran et al. 2007, Rose, Butler et al. 2009, van Kooij, van Pul et 
al. 2011, Thompson, Inder et al. 2012, van Kooij, de et al. 2012, Pogribna, Burson et al. 
2013, Pogribna, Yu et al. 2013). Higher MD values in preterm infants at term for example 
were found to be correlated with poor neurodevelopmental outcomes at two years of age 
in preterm infants (Krishnan, Dyet et al. 2007). These findings suggested that diffusion 
measures can provide prognostic information on neurodevelopmental impairment and may 
allow early detection in at-risk infants, which can result in optimised outcomes. 
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Tracts of interest 
Diffusion tractography uses the data from DTI to delineate specific tracts of interest across 
individuals by following the principal eigenvector of the diffusion tensor (Yeatman, Ben-
Shachar et al. 2009, Feldman, Yeatman et al. 2010). It provides additional quantitative 
information in specific white matter tracts compared to conventional neuroimaging 
(Johansen-Berg and Behrens 2006). Previous studies have examined different white 
matter tracts and their relationships to neurodevelopmental impairments with diffusion 
measures as the tool (Skranes, Vangberg et al. 2007, Feldman, Yeatman et al. 2010, 
Kaur, Powell et al. 2014). The inability of DTI to resolve crossing fibres, however, limits the 
accuracy of DTI-based tractography. Other models of the diffusion signal, such as 
constrained spherical deconvolution (Tournier, Calamante et al. 2007), have been 
developed to resolve crossing fibres and increase the accuracy of tractography. 
 
Optic Radiation (OR) 
Optic Radiation (OR) is a white matter tract that relays visual information from the 
thalamus to the primary visual cortex (Behrens, Johansen-Berg et al. 2003). Impaired 
visual functions are often associated with severe lesions in OR and visual cortex in the 
neonatal brain (Cioni, Bertuccelli et al. 2000, Guzzetta, Cioni et al. 2001, Atkinson, 
Braddick et al. 2008). FA in OR increased with age and was associated with fixation 
tracking scores in preterm infants (Bassi, Ricci et al. 2008, Berman, Glass et al. 2009).  
 
Corpus Callosum (CC) 
Corpus Callosum (CC) is the largest white matter tract and connects the majority of the 
cortical areas between the two hemispheres (Schmahmann and Pandya 2006). It is 
responsible for higher-order information, motor and sensory functions. White matter 
abnormalities in very preterm infants often include delayed myelination and thinning of the 
CC (Maalouf, Duggan et al. 1999, Ajayi-Obe, Saeed et al. 2000, Inder, Wells et al. 2003). 
Smaller size and adverse diffusion characteristics in CC are often associated with 
prematurity (Peterson, Vohr et al. 2000, Nagy, Westerberg et al. 2003, Nosarti, Rushe et 
al. 2004, Caldú, Narberhaus et al. 2006, Kontis, Catani et al. 2009, Andrews, Ben-Shachar 
et al. 2010). Diffusion measures in CC were associated with reading skills (i.e., cognitive 
function) at school age (Beaulieu, Plewes et al. 2005, Niogi and McCandliss 2006, 
Andrews, Ben-Shachar et al. 2010). In a study carried out by Schmithorst et al. (2005), IQ 
was found to be positively correlated with FA in the genu of the CC. These findings 
suggest that fibre organization and axonal density in CC are associated with cognitive 
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function. In particular, lower FA in CC was observed in infants with abnormal cognitive 
outcomes when compared to infants with normal outcomes (van Kooij, de et al. 2012, 
Malavolti, Chau et al. 2017). 
 
As visual and cognitive functions are the focus of this thesis, I examine the diffusion 
measures in the optic radiation and corpus callosum respectively and their relationship 
with neurodevelopmental outcomes. 
 
1.4 Clinical assessment 
Very preterm infants are at risk of neurodevelopmental impairments. Clinical assessments 
are the current diagnostic tools used to define neurodevelopmental impairments and are 
typically carried out at 1 to 2-years of age. Accurate diagnosis for some mild impairments 
can take much longer, e.g., mild cases in cerebral palsy may take up to 5 years to be 
accurately diagnosed (Smithers‐Sheedy, Badawi et al. 2014). To achieve optimal 
outcomes, earlier diagnosis and prognosis are essential with the aim of early intervention, 
therapy and early family support. I therefore aim to use current standard clinical 
assessments as the endpoint to investigate the relationship between EEG and outcome. I 
have chosen to investigate visual and cognitive outcomes as they are both important for 
later outcomes including learning and behavioural development. Current assessments for 
visual and cognitive function respectively are detailed below. 
 
Neonatal Visual Assessment 
Neonatal Visual Assessment as described by Ricci can be performed as early as 32 
weeks PMA (Ricci, Cesarini et al. 2010, 2010). The assessment provides useful insights 
into early visual function in preterm and term infants in relation to ocular motility, fixation, 
following, acuity and attention. A maximum total score of 27 is possible, a higher score 
indicating better visual function (Ricci, Cesarini et al. 2008, 2010, 2010). The assessment 
has been used in various studies to investigate neurodevelopment in preterm infants and 
predicts later visual outcomes (Mercuri, Haataja et al. 1999, Ricci, Cesarini et al. 2008, 
2011). 
In this thesis, visual function was assessed at term equivalent age and 3 months CA, as 
these two time points have been suggested to be good predictor for visual outcome at 12 
months (Ricci, Romeo et al. 2011). 
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Bayley Scales of Infant and Toddler Development – 3rd edition (BSITD-III) 
Bayley Scales of Infant and Toddler Development III (BSITD-III) is the most widely used 
clinical tool to assess cognitive, language and motor development, and social-emotional 
and adaptive behaviour in infants and toddlers (Bayley 2006) from 1-3 years CA. Higher 
scores indicate better neurodevelopment. Scores of the BSITD-III are normed to a mean of 
100 and a standard deviation of 15. Average reliability coefficients for cognitive and 
language composite scores have been established (0.91 and 0.93) (Bayley 2006). Very 
preterm infants have poorer cognitive performance in BSITD-III when compared to term 
born children (Skiöld, Vollmer et al. 2012, Månsson and Stjernqvist 2014). 
 
1.5 Aims and Objectives 
This thesis investigates the utility of EEG and MRI at term equivalent age in preterm 
infants to predict functional development particularly in the domains of vision and 
cognition.  
Visual function can be assessed using 1) occipital and parietal EEG electrodes as primary 
visual processing is located in the posterior region of the brain, and 2) diffusion MRI at the 
optic radiation as it is a major white matter tract relaying visual information between 
thalamus and visual cortex.  
Cognitive function can be assessed using 1) frontal EEG electrodes as cognitive 
processing is heavily dependent on the frontal region of the brain, and 2) diffusion MRI at 
the corpus callosum as this major white matter inter-hemispheric tract is important in 
aspects of cognition. 
The following aims and hypotheses are addressed. 
 
Aim 1: In infants born less than 30 weeks GA, to determine if brain function assessed 
using EEG (frequency-related power and coherence measures) at the occipital and 
parietal electrodes, and/or brain structure assessed by diffusion MRI at the optic radiations 
at term equivalent age are associated with clinical assessment of visual function (Ricci 
scale) assessed at term equivalent age. 
Hypothesis 1A: EEG frequency-related power measures at the occipital and parietal 
electrodes are associated with visual function at term equivalent age. In particular, 
negative associations between EEG power values in lower frequency band (i.e., delta) 
and visual function at term equivalent age will be observed; while positive associations 
will be observed between EEG power values in higher frequency bands (i.e., theta, 
alpha, beta) and visual function at term equivalent age. 
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Hypothesis 1B: EEG frequency-related coherence measures at the occipital and 
parietal electrodes are associated with visual function at term equivalent age. In 
particular, negative associations between EEG coherence measures across all four 
frequency bands and visual function at term equivalent age will be observed. 
Hypothesis 1C: Diffusion MRI measures at the optic radiations are associated with 
visual function at term equivalent age. In particular: 
 Mean FA values in the optic radiations are positively associated with visual 
function at term equivalent age; 
 Mean MD values in the optic radiations are negatively associated with visual 
function at term equivalent age 
 
Aim 2: In infants born less than 30 weeks GA, to determine if brain function assessed 
using EEG (frequency-related power and coherence measures) at occipital and parietal 
electrodes, and/or brain structure assessed by diffusion MRI at the optic radiations at term 
equivalent age predict clinical assessment of visual function (Ricci scale) assessed at 3 
months CA. 
Hypothesis 2A: EEG frequency-related power measures at the occipital and parietal 
electrodes are associated with visual function at 3 months CA. In particular, negative 
associations between EEG power values in lower frequency band (i.e., delta) and 
visual function at 3 months CA will be observed; while positive associations will be 
observed between EEG power values in higher frequency bands (i.e., theta, alpha, 
beta) and visual function at 3 months CA. 
Hypothesis 2B: EEG frequency-related coherence measures at the occipital and 
parietal electrodes are associated with visual function at 3 months CA. In particular, 
negative associations between EEG coherence measures across all four frequency 
bands and visual function at 3 months CA will be observed. 
Hypothesis 2C: Diffusion MRI measures at the optic radiations are associated with 
visual function at 3 months CA. In particular: 
 Mean FA values in the optic radiations are positively associated with visual 
function at 3 months CA; 
 Mean MD values in the optic radiations are negatively associated with visual 
function at 3 months CA 
 
Aim 3: In infants born less than 30 weeks GA, to determine if brain function assessed 
using EEG (frequency-related power and coherence measures) at frontal electrodes, 
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and/or brain structure assessed by diffusion MRI at the corpus callosum at term equivalent 
age predict cognitive function (BSITD-III) assessed at 12 months CA. 
Hypothesis 3A: EEG frequency-related power measures at the frontal electrodes are 
associated with cognitive function at 12 months CA. In particular, negative associations 
between EEG power values in lower frequency band (i.e., delta) and cognitive function 
at 12 months CA will be observed; while positive associations will be observed 
between EEG power values in higher frequency bands (i.e., theta, alpha, beta) and 
cognitive function at 12 months CA. 
Hypothesis 3B: EEG frequency-related coherence measures at the frontal electrodes 
are associated with cognitive function at 12 months CA. In particular, negative 
associations between EEG coherence measures across all four frequency bands and 
cognitive function at 12 months CA will be observed. 
Hypothesis 3C: Diffusion MRI measures at the corpus callosum are associated with 
cognitive function at 12 months corrected age. In particular: 
 Mean FA values in the corpus callosum are positively associated with cognitive 
function at 12 months CA; 
 Mean MD values in the corpus callosum are negatively associated with cognitive 
function at 12 months CA.  
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Chapter 2 Study design 
 
This study is a prospective observational cohort study of infants born very preterm (≤30 
weeks GA). The protocol of this study has been published (George, Boyd et al. 2015) with 
broader objectives to investigate the utility of clinical, EEG and MRI features in predicting 
various neurodevelopmental outcomes in a large very preterm cohort. The scope of this 
thesis was constrained to a focus on cognitive outcome and to endpoint limited to 12 
months CA. This thesis focuses on the relationship between biomarkers (EEG and MRI) 
and outcomes (vision and cognition). The study timeline is shown in Figure 2.1.  
 
 
Figure 2.1. Timeline of this thesis showing the cohort and the assessments at the three 
subsequent time points. 
 
Ethics & Registration 
Ethical approval for this study has been obtained from the Human Ethics Committees at 
the Royal Brisbane & Women’s Hospital (HREC/12/QRBW/245) (Appendix 1), and The 
University of Queensland (2012001060). This study has been registered with the 
Australian New Zealand Clinical Trials Registry (ACTRN12613000280707) (Appendix 2).   
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Study population and recruitment 
Recruitment of preterm infants was carried out from January 2013 to February 2016 in the 
Neonatal Intensive Care Unit (NICU) at the Royal Brisbane and Women’s Hospital in 
Brisbane, Australia. Infants were screened by a research nurse for eligibility. Approval for 
participation based on medical stability was obtained from the treating neonatologist. After 
obtaining an expression of interest from the eligible families, a detailed explanation of the 
study was provided to the parents. Families interested in participating in the study provided 
informed written consent for their infant to be enrolled in the study. None of the infants 
included in this thesis was subjected into research intervention. The recruitment flowchart 
is shown in Figure 2.2. 
 
Inclusion criteria 
Infants born at ≤30 week GA and whose parents lived <200km from the hospital (to allow 
for follow up assessments), and who understood English. 
 
Exclusion criteria 
Infants with any major congenital or chromosomal abnormality and/or any 
contraindications to MRI were excluded. 
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Figure 2.2. Study flowchart showing sample size for each EEG analysis, MRI analysis and 
clinical assessment. Ax, assessment; EEG, electroencephalography; PDC, partial directed 
coherence; MRI, magnetic resonance imaging; dMRI, diffusion magnetic resonance 
imaging. 
 
Sample size 
This thesis was embedded within a broader cohort study PPREMO (see protocol, George 
et al. 2015) and the proposed sample size for that study was 80 very preterm infants with a 
full dataset. A sample size calculator was used to determine that this sample size would be 
sufficient to meet the objectives of this thesis, specifically focussing on the ability of EEG 
metrics to predict cognitive outcome (Dupont and Plummer Jr 1998). Based on the fact 
that Hintz et al. (2015) reported a prevalence of 22% of very preterm infants with poor 
cognitive outcome, I have assumed the same rate (4 very preterm infants with poor 
cognitive outcome: 1 very preterm infants with normal cognitive outcome) will be observed 
in the cohort used in this thesis. If it is assumed that 5% of infants with poor EEG metrics 
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have a good cognitive outcome, then a sample size of 80 very preterm infants will allow 
detection of false negative rate (i.e., when abnormal EEG predicts good outcome) between 
0 and  0.372 with  power  0.8 and p=0.05. This sample size will provide useful data on the 
relationship between EEG metrics and outcome and the potential clinical utility of EEG 
metrics to predict outcome. A sample size double this reduces the upper detectable 
margin of the failure rate from 0.372 to 0.256. 
 
Study sample per study  
Due to missing data and lost to follow-up, sample sizes differed between the various 
analyses. Below is a description of the different sample sizes in each study (Figure 2.3). 
 
Figure 2.3. Flowchart of sample size in each chapter. Boxes in yellow are sample sizes in 
Chapter 3; boxes in blue are sample sizes in Chapter 4; boxes in red are sample sizes in 
Chapter 5. Ax: assessment. 
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Blinding 
Researchers involved in carrying out EEG, MRI,  and clinical assessments at all stages 
(i.e. term equivalent age, 3 months and 12 months corrected age) were blind to the 
gestational age at birth, perinatal history, and cranial ultrasound, EEG, MRI, and early 
clinical assessment findings.  
 
Resources 
The candidate was supported by an Australian Postgraduate Award (APA) funded by the 
Commonwealth Government. The study (PPREMO) was funded by the Cerebral Palsy 
Alliance Research Foundation and a Heath Practitioner stimulus award from the 
Queensland Government which covered the costs of MRI scans, assessment tools 
(including video camera and software for video editing), cost of travel for home visits and 
the employment of a blinded assessor for clinical assessments.  
 
2.1 EEG 
 
EEG recordings were performed at term equivalent age (38-42 weeks PMA) in a purpose-
built, shielded room in the University of Queensland Centre for Clinical Research on the 
Royal Brisbane and Women’s Hospital campus. Recordings were carried out where 
feasible soon after infants had been fed by their mother. A 64-electrode EEG “sensor net” 
(HydroCel Geodesic Sensor Net, Electrical Geodesics Incorporated, Oregon, USA) 
containing EEG electrodes positioned within a net of silastic bands was used (Figure 2.4). 
EEG was recorded, using a Net-Amps EEG amplifier and associated NetStation software 
(Electrical Geodesics Incorporated), for 20 - 75 minutes in order to include a period of 
sleep. The EEG was recorded at a sampling rate of 250 Hz, with online reference to CZ.  
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Figure 2.4. Left: Participant with the dense array EEG “sensor-net” (www.egi.com) in place. Right: 
The montage of the 19 EEG electrode sites analysed. F = frontal; C = cental; T = temporal; P = 
parietal; O = occipital; Z = midline; FP = frontal polar 
 
EEG analysis & processing – sleep state identification 
A single bipolar montage, which has adequate (broad) coverage over the scalp, is 
recommended for the identification of sleep-wake cycles and age-dependent components 
in neonatal EEG (Mizrahi, Hrachovy et al. 2004). A longitudinal bipolar (double banana) 
montage was used in this study for the purpose of sleep state identification. This montage 
includes the 19 electrode sites of the International 10-20 system positions: FP1-F7, F7-T3, 
T3-T5, T5-O1, FP1-F3, F3-C3, C3-P3, P3-O1, FZ-CZ, CZ-PZ, FP2-F4, F4-C4, C4-P4, P4-
O2, FP2-F8, F8-T4, T4-T6, and T6-O2 (Figure 2.4).  
 
Periods of EEG recorded during the “active sleep” state were identified using criteria 
defined in the “Atlas of Neonatal Electroencephalography” (Mizrahi, Hrachovy et al. 2004), 
including continuous and synchronous EEG patterns, low voltage and low amplitude. At 
least three minutes of artefact-free EEG recorded during active sleep per infant were 
extracted for further analyses. Active sleep state is analogous to (the neonatal precursor 
of) rapid eye movement (REM) sleep, is similar to EEG in the awake state (which is 
present only short periods, rare in neonates) (Britton, Frey et al. 2016). EEG recorded 
during active sleep is relatively continuous compared to that recorded during the “quiet 
sleep” state (which is characterised by discontinuous or “burst-quiet-burst-quiet” EEG), 
and is accounted for a large proportion of neonatal sleep (Blackburn and Blakewell-Sachs 
2003).   
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EEG analysis & processing – signal pre-processing 
EEG data from the 19 electrode sites noted above were analysed offline in EEG 
processing and analysis software Curry Neuroimaging Suite 7 (Compumedics Neuroscan, 
Charlotte, USA). These data were filtered using 0.5-30 Hz band-pass filter and processed 
in back-to-back 4s epochs. Constant baseline correction was used across epochs to adjust 
the data and align the differences between epochs so that mean voltage is zero in each 
epoch, which intern increases signal-to-noise ratio. The data were then re-referenced to 
the common reference. Artefacts were rejected by automated process using threshold +/-
80uV then visual inspection. After artefact rejection, the first 45 epochs were selected per 
infants for analyses.  
 
Quantitative EEG (qEEG) 
This study focuses on qEEG analyses across the neonatal frequency bands, as described 
below. Power measures were computed for each of the four neonatal conventional 
frequency ranges:  delta (0.5-2Hz), theta (2-6 Hz), alpha (6-13 Hz), and beta (13-30 Hz) 
(Meijer, Hermans et al. 2014).  
 
Power spectral analysis 
Fast Fourier transform was computed and total power and frequency-specific power 
values were calculated for each electrode. This offered a power value for each 0.249 Hz 
iteration. The power spectral measures were computed for each of the four neonatal 
conventional frequency ranges:  delta (0.5-2Hz), theta (2-6 Hz), alpha (6-13 Hz), and beta 
(13-30 Hz) (Meijer, Hermans et al. 2014). These neonatal frequency ranges were chosen 
as functional connectivity across these frequency ranges that were observed to be 
significantly associated with maturation in very preterm infants (Meijer, Hermans et al. 
2014). Absolute power values were computed as the sum of the power measures across 
each frequency band at each electrode. Relative power values were calculated from 
dividing the absolute power values by the total power values which were calculated from 
summing power measures across the 0.5-30 Hz frequency range.  
 
As this thesis investigates the relationship between EEG power spectral measures and 
visual function, electrodes located over the cortical areas involved in visual processing 
(i.e., occipital and parietal lobes). These chosen electrodes were the focus of the visual-
related analyses in this thesis, and they are: P3, P4, PZ, O1, and O2. Furthermore, to 
examine the relationship between EEG power spectral measures and cognitive function, 
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electrodes overlaying the frontal cortical areas involved in cognitive processing were 
chosen. In the cognitive-related analyses conducted in this thesis, the chosen electrodes 
are: FP1, FP2, FZ, F3, F4, F7, and F8. 
 
Coherence analysis 
Coherence was computed (as absolute values) and averaged across epochs with 
threshold at 0%, minimal distance at 1mm, minimal lag in 0ms, and maximal lag in 4ms.  
Classical inter- and intra-hemispheric paired electrodes were analysed: i) in visual-related 
analyses: P3-P4, O1-O2, C3-O1, C4-O2, P3-O1, and P4-O2; and ii) in cognitive-related 
analyses: FP1-P3, FP2-P4, F3-P3, F4-P4, FZ-PZ, C3-C4, F3-F4, and F7-F8. 
 
Partial Directed Coherence (PDC) analysis 
Due to computational capacity, partial directed coherence (PDC) measures were 
computed in a short EEG segment (one minute of artefact-free active sleep data) in 
MATLAB R2013a (MathWorks, 2013). The order of the model was kept as low as possible 
(p = 5) in order to maintain the reliable estimation of the multivariate autoregressive 
(MVAR) parameters where the signal length (L) should be significantly longer than the 
number of parameters (Mp) (Hytti, Takalo et al. 2006). Mean PDC values were computed 
for each electrode pair. 
 
Partial directed coherence values were computed in both direction at each chosen 
electrode pair: i) in visual-related analyses: P3-P4, O1-O2, C3-O1, C4-O2, P3-O1, and P4-
O2; ii) in cognitive-related analyses: FP1-P3, FP2-P4, F3-P3, F4-P4, FZ-PZ, and C3-C4. 
 
2.2 MRI 
Image Acquisition 
MRI was obtained at 40-42 weeks postmenstrual age (PMA) in the preterm group. A 3-
Tesla (Siemens Tim Trio, Erlangen, Germany) and a MRI compatible incubator with a 
dedicated neonatal head coil (LMT Lammers Medical Technology, Lubeck, Germany) 
were used. Natus Mini Muffs (Natus Medical Inc., San Carlos, CA) were used to attenuate 
noise from the MRI. Pulse oximetry and was used to monitor infants during the MRI. 
Sedation or anesthesia was not used. Infants were fed, wrapped and carefully placed in 
the incubator. The total duration of the scanning sequences was approximately 45-60 
minutes for each infant. Scanning sequences include clinical T1, T2 TSE, T2w HASTE and 
research T1w MPRage, 3 echo T2 map, ASL, 30 direction diffusion weighted imaging 
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(DWI), and 64 direction DWI. These sequences provided insights into neonatal brain 
microstructure and function: 1) global and regional cortical volumes; 2) white matter 
organization; 3) structural connectivity of regions of interests; and 4) pre-myelination (T2). 
Clinical sequences were reported by a neuroradiologist and also used to quantitate white 
and grey matter injuries (George et al. 2017, 2018, Inder et al., 2005, Kidokoro et al., 
2013).  
 
Echo time of 27, 122 and 189 ms and repetition time 10580 ms were used to acquire T2 
image series; 47 axial contiguous 2 mm slices were obtained with a 144 x 180 mm field of 
view, with a 150° flip angle and a 256 x 153 matrix (reconstructed to 256 x 204). This 
resulted in 0.70 × 0.70 x 2.0 mm3 voxel size. 
 
Single-shot echo planar multi-direction diffusion-weighted sequence, employing dual 
bipolar diffusion gradient and double spin echo were used to acquire a 30 direction DTI 
(b=1000s/mm2) and a 64 direction high angular resolution diffusion images (HARDI) 
(b=2000s/mm2). One low (b=0s/mm2) and high (b=1000 or 2000s/mm2) diffusion-weighted 
images were obtained per location with the encoding gradients uniformly distributed in 
space (acquisition time 11 minutes). Diffusion sequence was obtained with the following 
imaging parameters: field of view 224x224mm, matric 128x128, repetition time 9500ms, 
echo time 130ms and flip angle of 90̊. To assist in correction for residual distortions due to 
susceptibility inhomogeneities, a field map for diffusion data was obtained by the use of 
two 2D gradient recalled echo images (TE1/TE2 4.9/7.4ms) (acquisition time 1 minute).  
 
Image Analysis 
Advanced image processing techniques were used to analyze MRI data as follows: 
The third echo (189ms) of T2 was registered to study specific template aligned with the 
ALBERT and JHU neonatal atlas (Oishi, Faria et al. 2009, 2011, Gousias, Hammers et al. 
2013). MILXView neuroimaging platform (Burdett, Fripp et al. 2010) was used to segment 
the T2w MR. Diffusion images were preprocessed using an extensive preprocessing and 
quality control procedure, which include detection and correction of image artefacts caused 
by head movements and image distortions (Pannek, Guzzetta et al. 2012). The diffusion 
tensor model was used to estimate fractional anisotropy (FA) and mean diffusivity (MD). 
Constrained spherical deconvolution, a crossing-fibre model, was used to estimate fibre 
orientation distributions, and whole brain probabilistic tractography were computed in MRtrix 
software (Tournier, Calamante et al. 2007, 2012). Multi-ROI from T2 data was used to 
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extract white matter tracts of interest. For optic radiation, occipital cortex and thalamus were 
used. For corpus callosum, the left and right cortex were used. For frontal segment of 
corpus callosum, any streamlines that are connected to the frontal lobe were used. 
All tracts of interest were then manually cleaned and extracted in MRtrix (Figure 2.5). 
Summary measures of FA and MD for each pathway were calculated.
  Chapter 2 
   26 
 
 
Figure 2.5. Left optic radiation before (A) and after (B) manual cleaning. Top left shows the brain MRI in coronal view; top right shows the 
sagittal view; and bottom left shows the axial view. Fibres in green are in coronal direction; fibres in red are in sagittal direction; and fibres 
in blue are in axial direction. 
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2.3 Clinical assessments 
 
Neonatal Visual Assessment 
Neonatal Visual Assessment was carried out by a clinician (JC, PC, KM, and ML) at term 
equivalent age and 3 months CA. Visual total score was defined as the accumulated score 
across all items, ranging from 0 to 27. Subscores were computed in the following 
categories: Ocular movements (spontaneous ocular motility, and ocular movements with a 
target) (range: 0-6), Fixation (range: 0-3), Tracking (horizontal, vertical and arc tracking) 
(range: 0-9) and Colour/discrimination/attention (tracking coloured stimulus, stripes 
discrimination, and attention at distance) (range: 0-9) (Ricci, Cesarini et al. 2008, 2010). 
These categories were chosen according to previous findings suggesting different 
categories were associated with different cortical or subcortical visual pathways (Bassi, 
Ricci et al. 2008), and different visual aspects during neonatal brain maturation (Aylward, 
Lazzara et al. 1978, Braddick and Atkinson 2011). Due to the varying ranges in subscores 
across the four categories (e.g. Ocular movements has a subscore out of 6 while Fixation 
has a subscore out of 3 and so on), the subscores were standardised across all categories 
for further analysis. Standardisation was computed as a relative value for each category 
for each infant:  
 
𝑠𝑐𝑜𝑟𝑒 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑖𝑛 𝑡ℎ𝑎𝑡 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦
𝑡𝑜𝑡𝑎𝑙 𝑠𝑐𝑜𝑟𝑒 𝑖𝑛 𝑡ℎ𝑎𝑡 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦
 
 
Bayley Scales of Infant and Toddler Development – 3rd edition (BSITD-III) 
Bayley Scales of Infant and Toddler Development III assessment was carried out by a 
physiotherapist at 12 months CA. BSITD-III assesses cognitive, language and motor 
development, and social-emotional and adaptive behaviour (Bayley 2006). BSITD-III took 
approximately 45-60 minutes to administer for each infant at 12 months corrected age as it 
involves interaction between the examiner and the infant in a standardised series of tasks. 
Total raw scores in cognitive subtest were recorded by accumulating scores across 
completed items. Scaled scores, which range from 1 to 19 with a mean of 10, were 
computed from the total raw scores. Cognitive composite scores, which range from 40 to 
160 with a mean of 100, were then extracted from the scaled scores and used as the 
outcome variable in statistical analyses. Infants with cognitive scores less than 70 (i.e. 
more than 2SD below the mean) were considered to be cognitively impaired (Hintz, 
Barnes et al. 2015). 
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2.4 Statistical analyses 
Outliers in the EEG and MRI measures were screened and excluded using the Tukey 
method (Tukey 1977). Regression models, adjusted for confounders, were computed 
between predictive and outcome variables using statistical software IBM SPSS Statistics 
22. Linear regression model was used to examine the prediction of outcome by EEG and 
MRI measures.  
 
For analyses with visual function at 3 months CA, Tobit regression model (Tobin 1958) 
was specifically used to address the ceiling effect from the visual total scores obtained at 3 
months CA. This is presented and discussed in Chapter 4. 
 
Perinatal demographics that may potentially impact upon one or more of the dependent 
variables were screened as potential confounders in this study, as below. This list of 
perinatal demographic variables was arrived at with careful consideration by myself and 
several clinical content experts. The number of items on the list has been kept to an 
important minimum of essential perinatal confounders, to deal effectively with the risk of 
Type I error increasing with an increasing number of comparisons. Antenatal steroids and 
male gender have been reported to be independent risk factors associated with moderate-
severe general functional disability (Gnanendran, Bajuk et al. 2014). The presence of 
intraventricular haemorrhage (IVH), periventricular leukomalacia (PVL), and 
hydrocephalus have also been reported to be associated with various adverse outcomes 
in the very preterm population (Salhab, Perlman et al. 2004, Dutton and Bax 2010, 
Moyses, Johnson et al. 2013, Chow 2014). Cranial ultrasound (CUS) was classified as 
abnormal when any abnormalities were observed during the scan. This includes mild to 
severe cases of IVH and PVL. Chronic neonatal lung disease or Bronchopulmonary 
dysplasia (CNLD/BPD) has been reported to be risk a factor for adverse 
neurodevelopmental outcomes (Hack and Fanaroff 2000, Vohr, Wright et al. 2000, Short, 
Klein et al. 2003, Hoekstra, Ferrara et al. 2004, Wood, Costeloe et al. 2005). In terms of 
neonatal care and treatment, ventilation or oxygen exposure, and postnatal steroid 
treatment were found to be significant predictors for major impairments (Orcesi, Olivieri et 
al. 2012). Lastly socio-economic status (e.g. education and occupation of primary carer) 
has also been established as a risk factor for adverse general outcome (Roberts, Howard 
et al. 2008). Based on the evidence that these perinatal demographic variables were found 
to be risk factors for later neurodevelopmental outcomes, they were tested as confounders 
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on univariate linear regression models to assess their relationship with visual total score 
(at both term equivalent age and 3 months CA) and cognitive composite score at 12 
months CA. Perinatal demographics data were considered as significant confounders on 
functional outcomes at p < 0.15 level  to ensure all confounding variables were addressed 
by including false negative findings (George, Boyd et al. 2015).  
Forward stepwise multivariate linear regression models were computed with predictor 
variables (EEG/MRI) adjusting for significant confounders (in the order of significance). F 
test was used to determine the most parsimonious model. The most parsimonious model 
was defined as a model that has the most explanatory power of the relationship (i.e., with 
the highest F-ratio) with the fewest confounding variables, while remaining significant. 
 
Multiple comparison correction, specifically False Discovery Rate, was originally 
considered as part of the statistical approach in this thesis. However, upon further 
investigation and consultation with experts in this field (personal communication: Luck 
2017, McDonald 2017), multiple comparison correction was not utilised mainly because 
the assumptions, made across many robust methods for multiple comparison correction, 
are not parallel with EEG analyses. For example, a common assumption was that the 
multiple comparisons are independent of each other. This is not the case for EEG analysis 
as EEG electrodes can reflect the same brain function/activity overlaying the same 
corresponding cortical area. This is also supported by a body of literature in which 
Rothman (1990) was the first to propose that correction is not necessary for multiple 
comparisons. Recent studies in the EEG field have also not included multiple comparison 
corrections but instead chosen to keep multiple comparisons to the minimum (Haba-Rubio, 
Marques-Vidal et al. 2015, O’Reilly, Lewis et al. 2017) by basing comparisons on specific 
hypotheses. This is the approach I have taken to minimize the number of comparisons by 
focusing on specific hypothesis-led analyses.  
  Chapter 3 
   30 
 
Chapter 3 – The relationship of EEG and MRI at term equivalent 
age to visual function at term equivalent age 
 
Very preterm infants are at risk of neurodevelopmental impairments including visual 
deficits as described in Chapter 1. Early identification and prognosis of at-risk infants can 
lead to early intervention and support, thus optimising outcomes in those infants. 
Electroencephalography (EEG) and magnetic resonance imaging (MRI) are sensitive tools 
to study brain maturation and have the potential to provide early predictive markers of 
those deficits. Specifically, the occipital region of the brain is the main focus in this chapter 
as it is involved in visual processing (Wandell, Dumoulin et al. 2007).  
 
This chapter addresses Aim 1 with the objectives to determine at term equivalent age: 1) 
the relationships between qEEG measures and visual function; and 2) the relationships 
between diffusion MRI measures and visual function. 
 
It is hypothesized that EEG frequency-related power and coherence measures at the 
occipital and parietal electrodes are associated with visual function at term equivalent age. 
In particular, it is hypothesised that i) negative associations are present between EEG 
power values in the lower frequency band (i.e., delta) and visual function at term 
equivalent age, ii) positive associations are present between EEG power values in higher 
frequency bands (i.e., theta, alpha, beta) and visual function at term equivalent age and iii) 
that negative associations are present between EEG coherence measures across all four 
frequency bands and visual function at term equivalent age. 
Diffusion MRI measures at the optic radiation are hypothesized to be associated with 
visual function at term equivalent age. In particular, mean FA values in the optic radiation 
are positively associated with visual function at term equivalent age; while mean MD 
values in the optic radiation are negatively associated with visual function at term 
equivalent age. 
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Methods 
Very preterm infants (born ≤30weeks GA) without any major congenital and chromosomal 
abnormality were recruited as described in Chapter 2 (p.18-20). 
 
EEG was recorded at term equivalent age and processed following the protocol described 
in Chapter 2 (p.21-23). EEG power spectral, coherence and partial directed coherence 
analyses were conducted at chosen electrodes (p.23-24). In specific to this chapter, which 
focuses on vision-related analyses, the occipital and parietal electrodes were chosen, as 
visual processing is predominantly located in the occipital and parietal region of the brain. 
 
MRI scans were also carried out at term equivalent age as per the protocol described in 
Chapter 2 (p.24-26). Tractography was carried out and optic radiation (OR) was identified, 
segmented and extracted. Diffusion measures (FA and MD) were computed and extracted 
from the OR. 
 
Visual function was assessed using Neonatal Visual Assessment (Ricci scale) at term 
equivalent age. Visual scores, which range from 0 to 27, were extracted and analysed as 
the outcome variable.  
 
Potential confounders on visual function at term equivalent age were tested in multivariate 
regression model using F test. 
 
Univariate regression models were used to examine the association between predictor 
variables (EEG or MRI) at term equivalent age and visual function at term equivalent age. 
Multivariate regression models adjusted for significant confounders and F test were used 
to determine the most parsimonious model between predictor variables (EEG or MRI) and 
visual function at term equivalent age. 
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Results 
Of the 146 very preterm infants recruited, 105 had visual assessment at term equivalent 
age. The demographics data and the significant confounders on cognitive function are 
shown in Table 3.1. 
 
Table 3.1. Demographic data (n=105) and their effect and significance as confounding 
variables on visual function at term equivalent age. * indicating p<0.15 
Demographics data  B 95% CI 
R 
Square 
Significance 
(*p<0.15) 
Sex Male=65 1.62 -0.82 4.06 0.02 0.190 
GA at birth 
23+1 to 30+6 
weeks GA 
0.14 -.018 0.46 0.01 0.392 
Maternal antenatal 
steroids 
n=73 
completed 
2.02 -.055 4.58 0.02 0.121* 
IVH n=27 -0.19 -2.92 2.54 >0.001 0.892 
Phototherapy n=97 1.25 -3.25 5.74 0.003 0.583 
Social risk High risk=49 -1.78 -4.14 0.59 .02 0.140* 
Age at EEG 
38+4 to 42+3 
weeks PMA 
- - - - - 
Age at MRI 
38+3 to 46+4 
weeks PMA 
- - - - - 
Age at Neonatal 
Visual Assessment 
38+4 to 44+6 
weeks PMA 
2.09 1.08 3.10 0.14 <0.001* 
CPAP exposure n=104 0.03 -12.27 12.32 >0.001 0.996 
Oxygen exposure n=99 -0.85 -6.00 4.29 0.001 0.743 
Postnatal steroids n=20 -0.84 -3.88 2.20 0.003 0.585 
CNLD/BPD n=33 -3.18 -5.68 -0.68 .06 0.013* 
CUS risk 
n=16 
Abnormal 
1.15 -2.17 4.47 0.01 0.492 
PVL n=2 0.99 -7.74 9.72 >0.001 0.823 
Hydrocephalus n=4 -4.45 -10.63 1.73 0.02 0.156 
ROP n=44 -2.16 -4.55 0.22 0.03 0.075* 
B: beta coefficient (linear regression); 95% CI: confidence interval; GA: gestational age; IVH: 
intraventricular haemorrhage; EEG: electroencephalogram; PMA: post-menstrual age; MRI: 
magnetic resonance imaging; CA: corrected age; CPAP: continuous positive airway pressure; 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; CUS: cranial ultrasound; 
PVL: periventricular leukomalacia; ROP: retinopathy of prematurity 
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Visual scores at term equivalent age 
Of the 105 very preterm infants who had visual assessment at term equivalent age, the 
mean visual total score was 16 (±6 SD. Mean (±SD) subscores for Ocular movements, 
Fixation, Tracking and Colour/Discrimination/Attention were 5 (±1) out of 6, 2 (±1) out of 3, 
6 (±2) out of 9 and 3 (±3) out of 9 respectively. After standardisation of subscore obtained 
out of the total possible subscore across all categories (e.g., subscore obtained divided by 
6 in Ocular Movements), significantly lower subscores were observed in the 
Colour/Discrimination/Attention category when compared to the other three categories 
(Figure 3.1). 
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Figure 3.1. Mean and standard error of the standardised subscores in Ocular movements, 
Fixation, Tracking and Colour/Discrimination/Attention categories of the Neonatal Visual 
Assessment at term equivalent age. Higher subscore indicates better function. ** highly 
significant difference (p<0.01) in standardised subscores between the categories after a t 
test. 
 
Perinatal demographic data were tested as potential confounders on visual function at 
term equivalent age. The most significant confounder on visual function at term equivalent 
age was age at Neonatal Visual Assessment (PMA, p<0.001, Figure 3.2). Other significant 
confounders were (in order of significance) CNLD/BPD, ROP, intake of maternal antenatal 
steroids and social risk. 
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Figure 3.2. Scatterplot generated between age at Neonatal Visual Assessment (PMA) and 
visual total score with 95%CI. 
 
Regression modelling 
EEG power measures and visual total score at term equivalent age 
A highly significant negative association was found between relative delta power at 
electrode PZ and visual total score (B=-67.94, 95%CI=-100.36 to -25.51, p<0.01) (Table 
3.2, Figure 3.3). In contrast, significant positive associations were found between relative 
theta power at electrodes PZ, P3, and P4 and visual total score (B=90, 95%CI=37.43 to 
140.57, p<0.01; B=51.88, 95%CI=7.26 to 96.5, p<.0.05; B=56.49, 95%CI=5.91 to 107.06, 
p<0.05) (Table 3.2, Figure 3.3). 
 
Table 3.2. Univariate linear regression models between relative power and visual total 
score at term equivalent age. 
Frequency Electrode 
Visual Total score 
B 95% CI R square p 
Delta PZ -67.94 -100.36 -25.51 0.12 0.002 
Theta 
PZ 90 37.43 140.57 0.15 0.001 
P3 51.88 7.26 96.5 0.07 0.02 
P4 56.49 5.91 107.06 0.06 0.03 
B: beta coefficient (linear regression); 95% CI: confidence interval 
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Figure 3.3. Scatterplots generated between A) relative delta power at electrode PZ; B) 
relative theta power at electrode PZ, and visual total scores. A line was fitted with 95%CI. 
 
Significant confounders on visual function at term equivalent age were examined with 
multivariate linear regression models and F test. F test suggested that the multivariate 
linear regression model with variables relative power (in delta and theta respectively) and 
age at Neonatal Visual Assessment was the most parsimonious model in predicting visual 
function at term equivalent age (see Table 3.3 for F test on theta power at electrode P3). 
However, the association between relative power (in delta and theta respectively) and 
visual total score at term equivalent age became non-significant after adjusting for age at 
Neonatal Visual Assessment (PMA) in all but one model. Relative theta power at electrode 
PZ remained statistically significant and independent in the association with visual total 
score at term equivalent age (Table 3.4) 
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Table 3.3. F test results for the most parsimonious model between relative theta power at 
electrode P3 and visual function at term equivalent age. # indicating the most 
parsimonious model in predicting visual function at term equivalent age; * indicating the 
variable remaining significant (p<0.05). 
Variables F test Multivariate linear regression 
 F value Sig. Beta Sig. 
Relative Theta power at electrode P3 5.37 0.023 - - 
Relative Theta power at electrode P3 
10.36 0.0001# 
19.06 0.40 
Age at Neonatal Visual Assessment 2.55 0.0003* 
Relative Theta power at electrode P3 
8.16 0.0001 - - Age at Neonatal Visual Assessment 
CNLD/BPD 
Relative Theta power at electrode P3 
6.24 0.002 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Relative Theta power at electrode P3 
5.17 0.004 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Maternal antenatal steroids 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; ROP: retinopathy of 
prematurity 
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Table 3.4. F test results for the most parsimonious model between relative theta power at 
electrode PZ and visual function at term equivalent age. # indicating the most 
parsimonious model in predicting visual function at term equivalent age; * indicating the 
variable remaining significant (p<0.05). 
Variables F test 
 F value Sig. 
Relative Theta power at electrode PZ 12.57 0.001# 
Relative Theta power at electrode PZ 
11.85 0.00004 
Age at Neonatal Visual Assessment 
Relative Theta power at electrode PZ 
8.80 0.00005 Age at Neonatal Visual Assessment 
CNLD/BPD 
Relative Theta power at electrode PZ 
6.79 0.0001 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Relative Theta power at electrode PZ 
5.67 0.0002 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Maternal antenatal steroids 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; ROP: retinopathy of 
prematurity 
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EEG coherence measures and visual total score at term equivalent age 
Significant negative associations were found between beta coherence at electrode pairs 
P3-O1 and P4-O2 respectively and visual total score (B=-9.45, 95%CI=-18.29 to -0.61, 
p<0.05; B=-12.56, 95%CI=-20.97 to -4.15, p<0.01) (Table 3.5, Figure 3.4). 
 
Table 3.5. Univariate linear regression models between EEG coherence measures and 
visual total score at term equivalent age. 
Frequency Electrode pair 
Visual Total score 
B 95% CI R square p 
Beta 
P3-O1 -9.45 -18.29 -0.61 0.06 0.036 
P4-O2 -12.56 -20.97 -4.15 0.11 0.004 
B: beta coefficient (linear regression); 95% CI: confidence interval 
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Figure 3.4. Scatterplots generated between beta coherence at electrode pair A) P3-O1; B) 
P4-O2, and visual total scores. A line was fitted with 95%CI.  
 
Significant confounders on visual function at term equivalent age were examined with 
multivariate linear regression models and F test. F test suggested that the multivariate 
linear regression model with variables beta coherence and age at Neonatal Visual 
Assessment was the most parsimonious model in predicting visual function at term 
equivalent age (see Table 3.6 for F test on beta coherence at electrode pair P3-O1). 
However, the association between beta coherence and visual total score at term 
equivalent age became non-significant after adjusting for age at Neonatal Visual 
Assessment in this model. 
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Table 3.6. F test results for the most parsimonious model between beta coherence at 
electrode pair P3-O1 and visual function at term equivalent age. # indicating the most 
parsimonious model in predicting visual function at term equivalent age; * indicating the 
variable remaining significant (p<0.05). 
Variables F test Multivariate linear regression 
 F value Sig. Beta Sig. 
Beta coherence at electrode pair P3-O1 4.54 0.04 - - 
Beta coherence at electrode pair P3-O1 
11.12 0.00006# 
-5.44 0.19 
Age at Neonatal Visual Assessment 2.58 0.0001* 
Beta coherence at electrode pair P3-O1 
8.48 0.00007 - - Age at Neonatal Visual Assessment 
CNLD/BPD 
Beta coherence at electrode pair P3-O1 
6.43 0.0002 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Beta coherence at electrode pair P3-O1 
5.31 0.0003 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Maternal antenatal steroids 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; ROP: retinopathy of 
prematurity 
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EEG PDC measures and visual total score at term equivalent age 
No significant association was found between EEG PDC measures and visual function at 
term equivalent age. 
 
Diffusion MRI measures and visual total score at term equivalent age 
84 very preterm infants (male=52, born 23+1 to 30+6 weeks GA, 524 to 1886g birth weight) 
were studied with dMRI analysis. 
A highly significant positive association was found between mean FA at OR left and visual 
total score (B=83.92, 95%CI=23.89 to 143.95, p<0.01) (Table 3.7, Figure 3.5). Significant 
positive association was also found between mean FA at OR right and visual total score 
(B=67.65, 95%CI=10.42 to 124.88, p<0.05) (Table 3.7, Figure 3.5). No significant 
associations were found between mean MD at OR and visual function at term equivalent 
age. 
 
Table 3.7. Univariate linear regression models between dMRI measures and visual total 
score at term equivalent age. 
Tract dMRI measures Visual Total score 
  B 95% CI R square p 
OR Left Mean FA 83.92 23.89 143.95 0.09 0.007 
OR Right Mean FA 67.65 10.42 124.88 0.06 0.021 
dMRI: diffusion magnetic resonance imaging; B: beta coefficient (linear regression); 95% CI: 
confidence interval; OR: optic radiation; FA: fractional anisotropy 
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Figure 3.5. Scatterplots generated between A) mean FA at OR left; B) mean FA at OR 
right, and visual total scores. A line was fitted with 95%CI. 
 
Significant confounders on visual function at term equivalent age were examined with 
multivariate linear regression models and F test. F test suggested that the multivariate 
linear regression model with variables mean FA at OR and age at Neonatal Visual 
Assessment was the most parsimonious model in predicting visual function at term 
equivalent age (see Tables 3.8 and 3.9 for F test on OR left and OR right). However, the 
association between mean FA at OR and visual total score at term equivalent age became 
non-significant after adjusting for age at Neonatal Visual Assessment in this model. 
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Table 3.8. F test results for the most parsimonious model between mean FA at OR left and 
visual function at term equivalent age. # indicating the most parsimonious model in 
predicting visual function at term equivalent age; * indicating the variable remaining 
significant (p<0.05). 
Variables F test Multivariate linear regression 
 F value Sig. Beta Sig. 
Mean FA at OR left 7.73 0.007 - - 
Mean FA at OR left 
8.71 0.0004# 
53.60 0.08 
Age at Neonatal Visual Assessment 1.91 0.004* 
Mean FA at OR left 
6.24 0.001 - - Age at Neonatal Visual Assessment 
CNLD/BPD 
Mean FA at OR left 
4.62 0.002 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Mean FA at OR left 
3.86 0.004 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Maternal antenatal steroids 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; ROP: retinopathy of 
prematurity 
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Table 3.9. F test results for the most parsimonious model between mean FA at OR right 
and visual function at term equivalent age. # indicating the most parsimonious model in 
predicting visual function at term equivalent age; * indicating the variable remaining 
significant (p<0.05). 
Variables F test Multivariate linear regression 
 F value Sig. Beta Sig. 
Mean FA at OR right 5.53 0.021 - - 
Mean FA at OR right 
7.69 0.001# 
34.10 0.25 
Age at Neonatal Visual Assessment 2.00 0.003* 
Mean FA at OR right 
5.69 0.001 - - Age at Neonatal Visual Assessment 
CNLD/BPD 
Mean FA at OR right 
4.23 0.004 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Mean FA at OR right 
3.48 0.007 - - 
Age at Neonatal Visual Assessment 
CNLD/BPD 
ROP 
Maternal antenatal steroids 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; ROP: retinopathy of 
prematurity 
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Discussion 
The main findings were that EEG power and mean FA at OR were associated with visual 
function at term equivalent age. However, when determining the most accurate model on 
visual function at term equivalent age, age at visual assessment (in weeks, PMA) was 
observed to be the most informative marker associated with visual function at term 
equivalent age. Although EEG power and mean FA at OR are not statistically significant at 
p<0.05, they still contribute to the association with visual function at term. 
 
Visual scores at term equivalent age 
Visual total scores at term equivalent age has a wide range of variations. Mean visual 
subscores in Ocular movements and Fixation categories are higher than mean visual 
subscores in Tracking and Colour/Discrimination/Attention categories. The Tracking and 
Colour/Discrimination/Attention categories measure outcomes that develop when the 
infant is more mature, thus subscores in these two categories are expected to be lower at 
this time point as has been previously observed (Aylward et al. 1978, Braddick and 
Atkinson 2011). Hence the difference in the mean visual subscores is aligned with the 
literature. 
 
EEG power measures and visual function at term equivalent age 
EEG relative power measures at the electrodes overlying the posterior brain regions, 
namely the visual cortical areas, were found to be associated with visual function at term 
equivalent age. This was particularly observed in the delta and theta frequency bands, at 
parietal electrode sites. A significant negative association was obtained between relative 
delta power and visual total score, while significant associations were obtained in the 
opposite direction for parietal, relative theta power measures. The former result may be 
linked to the fact that relative delta power appears to be a marker of brain maturation (Bell, 
McClure et al. 1991, Scher, Sun et al. 1994, 1997, Niemarkt, Jennekens et al. 2011), 
whereby higher relative delta power indicates a relatively lower degree of brain maturation, 
and vice versa. Consistent with this, in the current study, higher relative delta power at 
parietal electrodes was associated with poorer visual function at term equivalent age. This 
framework, higher delta power at parietal electrodes, would be associated with poorer the 
visual maturation, whereas lower parietal delta power would indicate better visual function. 
 
The relative power measures from each of the four neonatal frequency bands analysed 
are not fully independent from each other. That is, they are inter-related and relative power 
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measures in one frequency band influences the relative power measures in the other three 
frequency bands because relative power values are computed as a proportional measure 
of EEG power in each frequency band relative to the whole frequency range. As the delta 
frequency band is the most abundant frequency band during infancy (which was also 
observed in this study with relative delta power mostly above 0.8, see Figure 2A), delta 
power may be driving results for other frequency bands, including the significant positive 
associations found between relative theta power and visual function scores. 
 
The most significant associations were observed at electrode PZ (parietal midline). This 
electrode site overlies the region of the boundary between parietal and occipital lobes, 
including cortical regions where visual processing occurs (Trobe 2001, Wandell, Dumoulin 
et al. 2007). In adults, detailed functional networks have been mapped where visual 
information processing occurs sequentially from the primary visual cortex (V1) to 
‘downstream’ visual areas V2 and then to V3. Information flow is then divided into two 
main processing streams: the dorsal and ventral visual streams (Norman 2002). The 
dorsal visual stream includes the motion-sensitive connection between V3A and parietal 
areas, that processes the location, depth, and movements of visual stimuli (Norman 2002, 
Rizzolatti and Matelli 2003). Whereas the ventral visual stream, where visual information is 
relayed into the inferior temporal area, is more involved in object processing and 
identification (Norman 2002). The anatomical locations of parietal electrodes (PZ, P3, and 
P4) indicate that they are sensitive to cortical activity in the dorsal visual stream. Overall 
results indicate an association between parietal relative delta power (indexing activity in 
the dorsal visual stream) and visual function assessed at the same time point. 
 
Although development of these functional networks in newborns are not yet as fully 
understood as in adults, it was recently shown that development of the two visual streams 
occurs at different rates during visual development from childhood to adulthood (Simic and 
Rovet 2017). Functions related to the ventral visual stream were observed to be less 
mature in children compared to adults. This suggests that the ventral visual stream is yet 
to be fully developed in childhood. Similar observations were found between the visual 
subscores in this cohort. Subscores in Ocular movements, Fixation and Tracking (which 
involve spatial functions at the dorsal visual stream) were significantly higher than 
subscores in the Colour/Discrimination/Attention category (which involve object processing 
function at the ventral visual stream). This supports our results which suggest that EEG 
relative power measures at posterior electrodes is associated with visual function at term 
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equivalent age The evidence that the ventral stream matures later than the dorsal stream, 
is consistent with results and proposal that it is dorsal stream activity, indexed by parietal 
delta power, that is most strongly associated with neonatal visual function. 
 
Multivariate linear regression was used to adjust for the perinatal demographic variables 
that might also contribute to association between EEG power measures and visual 
function at term equivalent age. The model with variables parietal relative power (in delta 
and theta respectively) and age at Neonatal Visual Assessment was the most 
parsimonious for the prediction of visual function at term equivalent age. These results 
indicate that a combination of age at visual assessment and EEG (parietal relative power 
in delta and theta respectively) is the most informative markers for visual function at term 
equivalent age. Although the association between parietal relative power (in delta and 
theta respectively) and visual total score became non-significant after adjusting for age at 
Neonatal Visual Assessment in this model, it is not surprising that age at visual 
assessment was the strongest predictor of visual function. Higher visual scores, i.e., more 
mature visual function, are often observed in a more developed brain. Nevertheless EEG 
power measures can increase the predictive accuracy in visual function assessed at the 
same time point. 
 
EEG coherence measures and visual function at term equivalent age 
Beta intra-hemispheric coherence was negatively associated with visual function at term 
equivalent age. As coherence values decrease with maturation (Gasser, Jennen-
Steinmetz et al. 1987, Meijer, Hermans et al. 2014), it suggests that lower coherence 
values associating with more mature/developed brain. The result is supporting the 
hypothesis where lower coherence values were associating with better visual function. 
Furthermore the location of the electrode pairs (P3-O1 and P4-O2) where the significant 
results were observed indicates that parietal-occipital connectivity in both left and right 
hemispheres is vital to visual function in the preterm brain. This is supported by a study 
that examined EEG coherence during visual task in children (n=56, age: 10-13 years old) 
(Gasser, Jennen-Steinmetz et al. 1987). EEG coherence values were observed to be 
higher at the parietal-occipital electrode pairs during visual task. This suggested that 
parietal-occipital connectivity is associated with visual processing. 
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Diffusion MRI measures and visual function at term equivalent age 
Significant positive associations were found between mean FA at OR (both left and right) 
and visual function at term equivalent age whereas mean MD was not significantly 
associated with visual function. Our findings suggested that lower FA values at OR might 
indicate immaturity in OR tracts development. This finding is supported by a previous 
study by Bassi et al. (2008) which reported similar findings in a smaller group (n=37) of 
very preterm infants. Bassi et al. investigated the relationship between FA values at OR 
and visual function, both assessed at term equivalent age, and found that mean FA at OR 
was independently negatively associated with visual function. However, unlike this study, 
the authors of this paper did not take age at the time of visual assessment into account. 
Using multivariate regression, adjusting for significant confounders on visual function at 
term equivalent age, our findings suggest that mean FA at OR increases the predictive 
accuracy on visual function but might not be the strongest predictor. Strongest predictor 
remained to be age at visual assessment (PMA). 
 
Conclusion  
Visual function at term equivalent age can vary widely and both parietal EEG power 
measures and dMRI FA measures at OR show associations with visual function at term 
equivalent age. Age at visual assessment (PMA) remained the strongest predictor on 
visual function at term equivalent age, with EEG and MRI increasing predictive accuracy. 
Previous literature investigating relationships between EEG or MRI measures and later 
functional outcome have reported some relationships. Although EEG or MRI at term 
equivalent age are not as informative as age at Neonatal Visual Assessment in relation to 
visual function assessed at the same time, their utility in predicting later visual outcome is 
of interest and is investigated in the next chapter. 
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Chapter 4 – The relationship of EEG and MRI at term equivalent 
age to visual function at 3 months CA 
 
Very preterm infants are at risk of neurodevelopmental impairments including visual 
deficits as described in Chapter 1. Early identification and prognosis of at-risk infants can 
lead to early intervention and support, thus optimising outcomes in those infants. 
Electroencephalography (EEG) and magnetic resonance imaging (MRI) are sensitive tools 
to study brain maturation and have the potential to provide early predictive markers of 
those deficits. Specifically, the occipital region of the brain is the main focus in this chapter 
as it is involved in visual processing (Wandell, Dumoulin et al. 2007).  
 
This chapter addresses Aim 2 with the objectives to determine: 1) the relationships 
between qEEG measures at term equivalent age and visual function at 3 months CA; and 
2) the relationships between diffusion MRI measures at term equivalent age and visual 
function at 3 months CA. 
 
It is hypothesized that EEG frequency-related power and coherence measures at the 
occipital and parietal electrodes are associated with visual function at 3 months CA. In 
particular, it is hypothesised that i) negative associations are present between EEG power 
values in the lower frequency band (i.e., delta) and visual function at 3 months CA, ii) 
positive associations are present between EEG power values in higher frequency bands 
(i.e., theta, alpha, beta) and visual function at 3 months CA and iii) that negative 
associations are present between EEG coherence measures across all four frequency 
bands and visual function at 3 months CA. 
Diffusion MRI measures at the optic radiation are hypothesized to be associated with 
visual function at 3 months CA. In particular, mean FA values in the optic radiation are 
positively associated with visual function at 3 months CA; while mean MD values in the 
optic radiation are negatively associated with visual function at 3 months CA. 
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Methods 
Very preterm infants (born ≤30weeks GA) without any major congenital and chromosomal 
abnormality were recruited as described in Chapter 2 (p.18-20). 
 
EEG was recorded at term equivalent age and processed following the protocol described 
in Chapter 2 (p.21-23). EEG power spectral, coherence and partial directed coherence 
analyses were conducted at chosen electrodes (p.23-24). In specific to this chapter, which 
focuses on vision-related analyses, the occipital and parietal electrodes were chosen, as 
visual processing is predominantly located in the occipital and parietal region of the brain. 
 
MRI scans were also carried out at term equivalent age as per the protocol described in 
Chapter 2 (p.24-26). Tractography was carried out and optic radiation (OR) was identified, 
segmented and extracted. Diffusion measures (FA and MD) were computed and extracted 
from the OR. 
 
Visual function was assessed using Neonatal Visual Assessment (Ricci scale) at 3 months 
CA. Visual scores, which range from 0 to 27, were extracted and analysed as the outcome 
variable.  
 
Potential confounders on visual function at 3 months CA were tested in multivariate 
regression model using F test. 
Univariate regression models were used to examine the association between predictor 
variables (EEG or MRI) at term equivalent age and visual function at 3 months CA. 
Multivariate regression models adjusted for significant confounders and F test were used 
to determine the most parsimonious model between predictor variables (EEG or MRI) and 
visual function at 3 months CA. 
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Results 
Of the 146 very preterm infants recruited, 105 had visual assessment at 3 months CA. 
Their demographics data and significant confounders on visual function are shown in the 
Table 4.1. 
 
Table 4.1. Demographic data (n=105) and their effect and significance as confounding 
variables on visual function at 3 months CA. * indicating p<0.15 
Demographics data  Coefficient 
Standard 
Error 
Z value 
Significance 
(*p<0.15) 
Sex Male=65 -0.43 1.02 -0.42 0.672 
GA at birth 
23+1 to 30+6 
weeks GA 
-0.13 0.25 -0.51 0.607 
Maternal antenatal 
steroids 
n=74 
completed 
2.10 1.06 1.99 0.047* 
IVH n=29 -2.52 1.07 -2.6 0.018* 
Phototherapy n=99 1.79 2.09 0.86 0.392 
Social risk High risk=50 -2.31 0.97 -2.38 0.017* 
Age at EEG 
38+4 to 42+3 
weeks PMA 
- - - - 
Age at MRI 
38+3 to 46+4 
weeks PMA 
- - - - 
Age at Neonatal Visual 
Assessment 
11+2 to 17+1 
weeks CA 
0.62 0.54 1.13 0.26 
CPAP exposure n=104 -27.02 2703.70 -0.01 0.992 
Oxygen exposure n=99 -4.47 2.46 -1.82 0.069* 
Postnatal steroids n=20 0.26 1.25 0.21 0.834 
CNLD/BPD n=33 -0.56 1.06 -0.53 0.599 
CUS risk 
n=18 
Abnormal 
-1.70 1.31 -1.30 0.192 
PVL n=3 -3.26 2.85 -1.14 0.253 
Hydrocephalus n=4 -3.81 2.47 -1.54 0.123* 
ROP n=44 -0.48 0.09 18.45 0.631 
B: beta coefficient (linear regression); 95% CI: confidence interval; GA: gestational age; IVH: 
intraventricular haemorrhage; EEG: electroencephalogram; PMA: post-menstrual age; MRI: 
magnetic resonance imaging; CA: corrected age; CPAP: continuous positive airway pressure; 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; CUS: cranial ultrasound; 
PVL: periventricular leukomalacia; ROP: retinopathy of prematurity 
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Visual scores at 3 months CA 
Of the 105 very preterm infants who had visual assessment at 3 months CA, the mean 
visual total score was 24 (±4 SD). Mean (±SD) subscores for Ocular movements, Fixation, 
Tracking and Colour/Discrimination/Attention were 5 (±2) out of 6, 3 (±0) out of 3, 8 (±1) 
out of 9 and 8 (±2) out of 9. After standardisation of subscores across all categories, 
significantly lower subscores were observed in the Colour/Discrimination/Attention 
category when compared to the other three categories (Figure 4.1). 
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Figure 4.1. Mean and standard error of the standardised subscores in Ocular movements, 
Fixation, Tracking and Colour/Discrimination/Attention categories of the Neonatal Visual 
Assessment at term equivalent age. Higher subscore indicates better function. * highly 
significant difference (p<0.01) in standardised subscores between the categories after a t 
test. 
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Regression modelling 
EEG power measures at term and visual total score at 3 months CA 
 
All total and subscores, except Ocular movements, were significantly higher at 3 months 
CA when compared to term equivalent age (Table 4.2).  
 
Table 4.2. Mean (±SD) of visual scores and t test on comparison in visual scores between 
term equivalent age and 3 months CA. ** indicating highly significant (p<0.01). 
 Term equivalent age 3 months CA 
Significance 
(p<0.05) 
Visual total score 18 (±6) 25 (±3) <0.01** 
Ocular movements 5 (±2) 5 (±2) 0.130 
Fixation 2 (±1) 3 (±0) <0.01** 
Tracking 6 (±2) 8 (±1) <0.01** 
Colour 
/Discrimination 
/Attention 
4 (±3) 8 (±1) <0.01** 
CA: corrected age 
 
Although there were significant increases in visual total scores (and most subscores), a 
linear regression model indicated that visual total scores at term equivalent age did not 
predict visual total score at 3 months CA (B=0.047, p=0.344). 
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Figure 4.2. Scatterplot of the distribution of the visual total score at 3 months CA in this 
very preterm cohort. 
 
After taking the ceiling effect from the visual scores at 3 months CA (shown in Figure 4.2) 
into account by using Tobit regression model, significant negative associations were found 
between relative delta power at electrode PZ and visual total score (B=-28.63, SE=14.06, 
z=-2.04, p<0.05) (Table 4.3, Figure 4.3). A significant positive association was found 
between relative alpha power at electrode P4 and visual total score (B=101.94, SE=46.40, 
z=2.20, p<0.05) (Table 4.3, Figure 4.3). Significant positive associations were also found 
between relative beta power at electrodes PZ, P3, and P4 and visual total score 
(B=261.21, SE=112.67, z=2.32, p<0.05; B=199.16, SE=83.38, z=2.39, p<0.05; B=251.55, 
SE=88.47, z=2.84, p<0.01) (Table 4.3, Figure 4.3).  
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Table 4.3. Univariate linear regression models between relative power and visual scores at 
3 months corrected age. 
Frequency Electrode Visual Total score 
  Coefficient Standard 
error 
z value p 
Delta PZ -28.63 14.06 -2.04 0.04 
Alpha P4 101.94 46.40 2.20 0.03 
Beta PZ 261.21 112.67 2.32 0.02 
P3 199.16 83.38 2.39 0.02 
P4 251.55 88.47 2.84 0.004 
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Figure 4.3. Scatterplots generated between A) relative delta power at electrode PZ; B) 
relative alpha power at electrode P4; C) relative beta power at electrode P4, and visual 
total scores. A line was fitted with 95%CI. 
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Significant confounders on visual function at 3 months CA were examined with multivariate 
linear regression models and F test. Results from F test suggested that the linear 
regression model with relative power across significant frequency bands and electrodes 
was the most parsimonious model in predicting visual function at 3 months CA (Table 4.4). 
These results indicate that parietal relative power values in relatively faster frequency 
bands (alpha and beta) significantly independently predict visual function at 3 months CA. 
 
Table 4.4. F test results for the most parsimonious model between relative alpha power at 
electrode P4 and visual function at 3 months CA. # indicating the most parsimonious 
model in predicting visual function at 3 months CA. Note that F test was run with 
multivariate linear regression model and not Tobit regression model addressing ceiling 
effects. 
Variables F test 
 F value Sig. 
Relative Beta power at electrode PZ 6.02 0.017# 
Relative Beta power at electrode PZ 
3.72 0.029 
Social risk 
Relative Beta power at electrode PZ 
2.45 0.071 Social risk 
IVH 
Relative Beta power at electrode PZ 
1.81 0.14 
Social risk 
IVH 
Maternal antenatal steroids 
Relative Beta power at electrode PZ 
1.84 0.12 
Social risk 
IVH 
Maternal antenatal steroids 
Oxygen exposure 
IVH: intraventricular haemorrhage 
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EEG coherence measures at term and visual total score at 3 months CA 
No significant association was found between EEG coherence measures and visual 
function at 3 months CA. 
 
EEG PDC measures at term and visual total score at 3 months CA 
Significant positive associations were observed between mean PDC across all four 
frequency bands at multiple electrode pairs (Table 4.5, Figure 4.4). 
 
Table 4.5. Univariate linear regression models between PDC and visual total score at 3 
months CA.  
Frequency Electrode pair Visual Total score 
  Coefficient Standard error z value p 
Delta O2←O1 43.45 14.16 3.07 0.002 
O2←P4 40.86 14.07 2.91 0.004 
O2←C4 29.96 13.41 2.34 0.025 
Theta O2←O1 37.68 12.83 2.94 0.003 
O2←P4 36.71 13.45 2.73 0.006 
O2←C4 31.13 12.49 2.49 0.013 
Alpha O2←O1 31.97 11.77 2.72 0.007 
O2←P4 31.77 13.62 2.33 0.02 
O2←C4 34.39 12.25 2.81 0.005 
Beta O2←O1 35.31 12.51 2.82 0.005 
O2←P4 39.28 14.19 2.77 0.006 
O2←C4 34.96 13.50 2.59 0.01 
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Figure 4.4. Scatterplots generated between A) mean delta PDC at electrode pair O2←O1; 
B) mean theta PDC at electrode pair O2←O1; C) mean alpha PDC at electrode pair 
O2←O1; D) mean beta PDC at electrode pair O2←O1, and visual total score. A line was 
fitted with 95%CI. 
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Table 4.6. F test results for the most parsimonious model between mean delta PDC at 
electrode pair O2←O1 and visual function at 3 months CA. # indicating the most 
parsimonious model in predicting visual function at 3 months CA. Note that F test was run 
with multivariate linear regression model and not Tobit regression model addressing 
ceiling effects. 
Variables F test 
 F value Sig. 
Mean delta PDC at O2←O1 11.32 0.002# 
Mean delta PDC at O2←O1 
5.58 0.007 
Social risk 
Mean delta PDC at O2←O1 
3.64 0.02 Social risk 
IVH 
Mean delta PDC at O2←O1 
2.91 0.03 
Social risk 
IVH 
Maternal antenatal steroids 
Mean delta PDC at O2←O1 
2.46 0.05 
Social risk 
IVH 
Maternal antenatal steroids 
Oxygen exposure 
IVH: intraventricular haemorrhage 
 
Significant confounders on visual function at 3 months CA were examined with multivariate 
linear regression models and F test. Results from the F test suggested that the multivariate 
linear regression model with posterior delta PDC measures alone was the most 
parsimonious model in predicting visual function at 3 months CA (see Table 4.6 for F test 
on mean delta PDC at electrode pair O2←O1). Thus, indicating these PDC measures can 
significantly independently predict visual function at 3 months CA. 
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Diffusion MRI measures at term and visual total score at 3 months CA 
A significant positive association was found between mean FA at OR left and visual total 
score (Coefficient=39.49, SE=18-89, z=2.09, p<0.05) (Figure 4.5). 
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Figure 4.5. Scatterplot generated between mean FA at left optic radiation and visual total 
score. A line was fitted with 95%CI. 
 
Significant confounders on visual function at 3 months CA were examined with multivariate 
linear regression models and F test. Results from F test suggested that the linear 
regression model with mean FA at OR left was the most parsimonious model in predicting 
visual function at 3 months CA (Table 4.7). Thus, indicating mean FA at OR left 
significantly independently predict visual function at 3 months CA. 
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Table 4.7. F test results for the most parsimonious model between dMRI and visual 
function at 3 months CA. Note that F test was run with multivariate linear regression model 
and not Tobit regression model addressing ceiling effects. 
Variables F test 
 F value Sig. 
Mean FA @ OR Left 3.16 0.079 
Mean FA @ OR Left 
1.72 0.19 
Social risk 
Mean FA @ OR Left 
1.18 0.32 Social risk 
IVH 
Mean FA @ OR Left 
0.93 0.45 
Social risk 
IVH 
Maternal antenatal steroids 
Mean FA @ OR Left 
1.45 0.22 
Social risk 
IVH 
Maternal antenatal steroids 
Oxygen exposure 
IVH: intraventricular haemorrhage 
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Discussion 
The main findings were that EEG power and PDC measures, along with mean FA at OR, 
were independently associated with visual function at 3 months CA.  
 
Visual scores between term equivalent age and 3 months CA 
Mean visual total scores significantly increased from term equivalent age to 3 months CA, 
with many preterm infants (n=24 of 77 who returned for 3 months assessments) scoring 
the highest possible score of 27 at 3 months CA. Mean visual subscores in Fixation, 
Tracking, and Colour/Discrimination/Attention categories also significantly increased from 
term equivalent age to 3 months CA, while subscores in Ocular movements stayed the 
same.  
 
The significant improvement across categories over time might explain the visual scores at 
term equivalent age did not predict well the visual scores 3 months CA. Many infants 
obtaining full scores at 3 months CA might also explain the non-significant prediction. This 
also suggested that the Neonatal Visual Assessment is not suitable for assessing visual 
function at 3 months of age. 
 
Despite assessing visual function using the same assessment, the scores obtained at term 
equivalent age could not reliably predict scores obtained using the same test 3 months 
later. This suggest that an alternative predictive tool is required to reliably predict visual 
function at 3 months CA. From the main findings in this chapter, EEG seemed like a more 
accurate predictive marker for visual function at 3 months of age, further discussion 
follows. 
 
EEG power measures at term and visual function at 3 months CA 
Relative power measures at parietal electrodes were found to be significant predictors of 
visual function at 3 months corrected age. Significant positive associations were found 
between relative power values in the faster frequency bands (i.e., alpha and beta) at 
parietal electrodes and visual total scores at 3 months CA. As noted in the previous 
chapter, these parietal electrodes are sensitive to activity in cortical regions responsible for 
processing of visual information. Alpha and beta frequency bands are known to be 
relatively more “mature” EEG frequency bands (compared to lower-frequency bands), 
which develop over the first months and years of life and are observed in the healthy adult 
brain (Miller 2007, Scher 2008, Niemarkt, Jennekens et al. 2011). This appears to explain 
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the significant positive association between relative power measures in alpha and beta 
frequency bands and visual function at 3 months CA. 
 
Regarding all significant results observed at parietal electrodes, these may be related to 
cortical activity in the dorsal visual stream as mentioned in the previous chapter. These 
parietal electrodes overlie areas in the dorsal visual stream which are involved in relating 
visual information from the primary visual cortex towards the secondary visual cortex and 
parietal lobe (Norman 2002, Rizzolatti and Matelli 2003, Simic and Rovet 2017). However, 
further investigation with EEG source localisation analyses need to be carried out to 
confirm this idea.  
 
The strongest predictive ability was demonstrated by power measures at right parietal 
electrode P4. It was previously reported that the right hemisphere matures at a faster rate 
(Dehaene-Lambertz and Spelke 2015) and is dominant in infants up to 3 years of age 
(Chiron, Jambaque et al. 1997). This seems to explain why electrode P4 showed the 
strongest associated with visual total scores at 3 months CA. 
 
Exposure to oxygen at term equivalent age is known to be associated with adverse 
outcomes in the very preterm population (Salhab, Perlman et al. 2004, Dutton and Bax 
2010, Moyses, Johnson et al. 2013, Chow 2014). Likewise in this study it was observed to 
be a significant confounder on visual total score at 3 months CA in this cohort. F test 
however suggested that relative power measures can predict visual outcome at 3 months 
CA, independent of the influence of this confounder of the latter. This suggested that 
parietal EEG power in higher frequency bands can independently predict visual outcomes 
in very preterm infants. Hence this EEG measure is more reliable for such prediction, 
compared to visual function scores assessed at term equivalent age. 
 
EEG PDC measures at term and visual function at 3 months CA 
All significant associations between mean PDC values at term equivalent age and visual 
total score at 3 months CA involved PDC values “towards” electrode O2. This indicated 
that inter- and intra- hemispheric communications towards right occipital region are 
somehow informative in relation to brain development linked to visual function.  
 
In contrast, there was no significant result obtained towards electrode O1 in the left 
occipital region. A plausible reason behind this might be the lateralisation of the developing 
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brain with two hemispheres maturing at different rates (Chiron, Jambaque et al. 1997, 
Dehaene-Lambertz and Spelke 2015). Our findings are also supported by a recent PDC 
study suggesting the networks in the right hemisphere matures faster when compared to 
the left hemisphere in children at 0-10 years of age (Zhu, Guo et al. 2011).This recent 
study also examined aging in the brain and observed that suppressed connection was 
found in the elderly group when compared to adults. Thus connections decline with aging 
and the lower coherence might be associated with the poorer function typically found in the 
elderly population. These findings also support the significant positive associations 
between mean PDC values and visual total score observed in this thesis. 
 
From the findings obtained after multivariate regression model and F test, mean PDC 
values were showed to be independently predicting visual function at 3 months CA. It 
suggested that PDC, specifically at the occipital region, may be an independent biomarker 
for prognosis of visual outcome at 3 months CA. 
 
 
Diffusion MRI measures at term and visual function at 3 months CA 
Although significant association was observed between mean FA at OR left and visual 
total score at 3 months CA, the relationship does not seem strong enough to conclude that 
diffusion MRI measures can be a useful tool for prognosis of visual outcome. There might 
be enough data points to appear statistical significant but the correlation is weak (Figure 
4.5). Thus, this association might not be strong enough to have real world application. 
 
Conclusion 
Parietal EEG power measures for faster frequency bands were found to be significant 
predictors of visual functions at 3 months CA, independent of any confounding variables. 
In addition, posterior PDC connections measures (towards the right occipital region) may 
also independently predict visual outcome at 3 months CA. If these findings are replicated 
in larger studies, they will have implications for clinical practice, including early prognoses 
of subsequent visual impairments. This could help achieve earlier identification of at-risk 
infants, and earlier interventions and support. Thus the results of this study could help 
optimise prognoses, treatments and outcomes for very preterm infants at risk of visual 
impairments. 
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Chapter 5 – The relationship of EEG and MRI at term equivalent 
age to cognitive function at 12 months CA 
 
Very preterm infants are at risk of neurodevelopmental impairments including cognitive 
deficits as described in Chapter 1. Early identification and prognosis of at-risk infants can 
lead to early intervention and support, thus optimising outcomes in those infants. 
Electroencephalography (EEG) and magnetic resonance imaging (MRI) are sensitive tools 
to study brain maturation and have the potential to provide early predictive markers of 
those deficits. Specifically, the frontal region of the brain is the main focus in this chapter 
as it is involved in cognitive processing (Buckner, Andrews-Hanna et al. 2008).  
 
This chapter addresses Aim 3 of the thesis with the specific objectives to determine: 1) the 
relationships between qEEG measures at term equivalent age and cognitive function at 12 
months CA; and 2) the relationships between diffusion MRI measures at term equivalent 
age and cognitive function at 12 months CA. 
 
It is hypothesized that EEG frequency-related power and coherence measures at the 
frontal electrodes are associated with cognitive function at 12 months CA. In particular, it is 
hypothesised that i) negative associations are present between EEG power values in the 
lower frequency band (i.e., delta) and cognitive function at 12 months CA, ii) positive 
associations are present between EEG power values in higher frequency bands (i.e., 
theta, alpha, beta) and cognitive function at 12 months CA and iii) that negative 
associations are present between EEG coherence measures across all four frequency 
bands and cognitive function at 12 months CA. 
Diffusion MRI measures at the corpus callosum are hypothesized to be associated with 
cognitive function at 12 months corrected age. In particular, mean FA values in the corpus 
callosum are positively associated with cognitive function at 12 months CA; while mean 
MD values in the corpus callosum are negatively associated with cognitive function at 12 
months CA. 
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Methods 
Very preterm infants (born ≤30weeks GA) without any major congenital and chromosomal 
abnormality were recruited as described in Chapter 2 (p.18-20). 
 
EEG was recorded at term equivalent age and processed following the protocol described 
in Chapter 2 (p.21-23). EEG power spectral, coherence and partial directed coherence 
analyses were conducted at chosen electrodes (p.23-24). In specific to this chapter, which 
focuses on cognition-related analyses, the frontal electrodes were chosen, as cognitive 
processing is predominantly located in the frontal region of the brain. 
 
MRI scans were also carried out at term equivalent age as per the protocol described in 
Chapter 2 (p.24-26). Tractography was carried out and corpus callosum (CC) was 
identified, segmented and extracted. As mentioned before, in specific to the cognition-
related analyses in this chapter, the frontal segment of the CC was examined along with 
the full CC. The frontal segment of the CC was extracted based on its projection to the 
frontal cortex. Diffusion measures (FA and MD) were computed and extracted from both 
full and frontal segment of the CC. 
 
Cognitive function was assessed using Bayley Scales of Infant and Toddler Development 
– 3rd edition (BSITD-III) at 12 months CA. Cognitive composite scores, which range from 
40 to 160 with a mean of 100, were extracted and analysed as the outcome variable.  
 
Potential confounders on cognitive function at 12 months were tested in multivariate 
regression model using F test. 
Univariate regression models were used to examine the association between predictor 
variables (EEG or MRI) at term equivalent age and cognitive function at 12 months CA. 
Multivariate regression models adjusted for significant confounders and F test were used 
to determine the most parsimonious model between predictor variables (EEG or MRI) and 
cognitive function at 12 months CA. 
 
Multivariate regression models combining EEG and MRI measures were used to seek the 
most informative markers associated with cognitive function at 12 months CA. Predictor 
variables at the frontal region of the brain was the primary focus as it is heavily involved in 
cognitive processing. Based on the compatibility (both anatomical and functional) of the 
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EEG and dMRI variables, EEG coherence measures at frontal electrodes pairs (i.e., F3-F4 
and F7-F8) and dMRI values at the frontal segment of the CC were examined.  
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Results 
Of the 146 very preterm infants recruited, 102 had cognitive assessment at 12 months CA. 
The demographics data and the significant confounders on cognitive function are shown in 
Table 5.1. 
 
Table 5.1. Demographic data (n=102) and their effect and significance as confounding 
variables on cognitive function at 12 months CA. * indicating p<0.15 
Demographics data  B 95% CI 
R 
Square 
Significance 
(*p<0.15) 
Sex Male=59 -1.39 -5.94 3.17 0.004 0.547 
GA at birth 
23+1 to 30+6 
weeks GA 
1.25 0.09 2.40 0.044 0.035* 
Maternal antenatal 
steroids 
n=75 
completed 
-2.95 -8.02 2.13 0.013 0.252 
IVH n=23 -6.13 -11.38 -0.88 0.051 0.023* 
Phototherapy n=96 7.24 -2.23 16.71 0.023 0.132* 
Social risk High risk=49 -3.20 -7.66 1.27 0.020 0.159 
Age at EEG 
38+4 to 42+3 
weeks PMA 
- - - - - 
Age at MRI 
38+3 to 46+4 
weeks PMA 
- - - - - 
Age at cognitive 
assessment 
47+6 to 55+5 
weeks CA 
1.68 -0.07 3.43 0.035 0.06* 
CPAP exposure n=101 -5.74 -28.58 17.09 0.002 0.619 
Oxygen exposure n=96 6.35 -3.14 15.85 0.017 0.187 
Postnatal steroids n=19 -4.33 -10.05 1.39 0.022 0.136* 
CNLD/BPD n=31 -4.11 -8.94 0.72 0.028 0.094* 
CUS risk 
n=15 
Abnormal 
-7.43 -13.63 -1.24 0.054 0.019* 
PVL n=3 -11.31 -24.46 1.83 0.028 0.091* 
Hydrocephalus n=3 -14.75 -27.76 -1.74 0.048 0.027* 
ROP n=46 -1.92 -6.43 2.59 0.007 0.401 
B: beta coefficient (linear regression); 95% CI: confidence interval; GA: gestational age; IVH: 
intraventricular haemorrhage; EEG: electroencephalogram; PMA: post-menstrual age; MRI: 
magnetic resonance imaging; CA: corrected age; CPAP: continuous positive airway pressure; 
CNLD/BPD: chronic neonatal lung disease/bronchopulmonary dysplasia; CUS: cranial ultrasound; 
PVL: periventricular leukomalacia; ROP: retinopathy of prematurity 
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Of the 146 recruited infants, 104 had EEG recorded at term equivalent age. Infants were 
excluded if EEG was recorded out of the time window (due to clinical reasons, i.e. 
medically unstable) or EEG data could not be extracted (i.e., no artefact-free active sleep 
EEG data). After exclusions (n=22), 80 EEGs were analysed. 73 very preterm infants were 
included in EEG power analysis, 74 in EEG coherence analysis, and 45 in the EEG PDC 
analysis. 
 
MRI scan was also carried out at term equivalent age in 105 very preterm infants in the 
cohort. Infants were excluded if the MRI scan was performed out of the time window or 
MRI data has failed quality control, which was most often due to movements. 86 MRIs 
were analysed and 79 were suitable for dMRI analysis. 
 
Of the 102 very preterm infants who had cognitive assessment at 12 months CA, mean 
cognitive composite score was 104 (±11 SD).  
 
Regression modelling 
EEG power measures at term and cognitive composite score at 12 months CA 
Frontal EEG power measures were not significantly associated with cognitive function at 
12 months CA. 
 
EEG coherence measures at term and cognitive composite score at 12 months CA 
Significant negative associations were found between EEG coherence values and 
cognitive composite scores at 12 months CA (Table 5.2, Figure 5.1). They were observed 
in: the delta frequency band at electrode pair C3-C4 (B=-20.25, 95%CI=-40.03 to -0.47, 
p<0.05), the theta frequency band at electrode pair F3-P3 (B=-25.68, 95%CI=-47.08 to -
4.29, p<0.05), and the beta frequency band at electrode pair F3-P3 (B=-53.80, 95%CI=-
99.37 to -8.24, p<0.05). 
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Table 5.2. Univariate linear regression models between EEG coherence and cognitive 
composite score at 12 months CA.  
Frequency Electrode pair Cognitive composite score 
  B 95% CI R square p 
Delta C3-C4 -20.25 -40.03 -0.47 0.069 0.045 
Theta F3-P3 -25.68 -47.08 -4.29 0.074 0.019 
Beta F3-P3 -53.80 -99.37 -8.24 0.071 0.021 
B: beta coefficient (linear regression); 95% CI: confidence interval 
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Figure 5.1. Scatterplots generated between A) delta coherence at electrode pair C3-C4; B) 
theta coherence at electrode pair F3-P3; C) beta coherence at electrode pair F3-P3, and 
cognitive composite scores. A line was fitted along with 95%CI. 
 
The first four significant confounders on cognitive function at 12 months CA were entered 
into multivariate regression models, and they were (in order of significance): CUS risk, 
IVH, Hydrocephalus and GA at birth. Each coherence measure that was significantly 
associated with cognitive function (from Table 5.2) was tested with confounders in an F 
test. Results from F test suggested that the multivariate linear regression model with 
coherence measures alone (each respectively) was the most parsimonious model in 
predicting cognitive function at 12 months CA (see Table 5.3 for F test on delta coherence 
at electrode pair C3-C4). Thus, coherence values (central inter-hemispheric and fronto-
parietal intra-hemispheric coherence respectively) are independently associated with 
cognitive function at 12 months CA. 
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Table 5.3. F test results for the most parsimonious model between mean FA measures 
from the full CC and cognitive function at 12 months CA. # indicating the most 
parsimonious model in predicting cognitive function at 12 months CA. 
Variables 
F test 
F value Sig. 
Delta coherence at C3-C4 4.20 0.045# 
Delta coherence at C3-C4 
3.36 0.042 
CUS risk 
Delta coherence at C3-C4 
2.55 0.065 CUD risk 
IVH 
Delta coherence at C3-C4 
2.14 0.09 
CUS risk 
IVH 
Hydrocephalus 
Delta coherence at C3-C4 
1.69 0.15 
CUS risk 
IVH 
Hydrocephalus 
GA at birth 
CUS: cranial ultrasound; IVH: intraventricular haemorrhage; GA: gestational age 
 
 
EEG PDC measures at term and cognitive composite score at 12 months CA 
EEG PDC measures were not significantly associated with cognitive function at 12 months 
CA. 
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Diffusion MRI measures at term and cognitive composite score at 12 months CA 
A highly significant positive association was found between mean FA measures from the 
full CC and cognitive composite score (B=161.25, 95%CI=60.63 to 261.87, p<0.01) (Table 
5.4, Figure 5.2). In contrast, significant negative association was also found between mean 
MD measures from the full CC and cognitive composite score (B=-61083.35, 95%CI=-
112382.53 to -9784.17, p<0.05) (Table 5.4, Figure 5.2).  
 
A highly significant positive association was also found between mean FA at CC frontal 
and cognitive composite score (B=152.91, 95%CI=45.72 to 260.10, p<0.01) (Table 5.4, 
Figure 5.3). Significant negative association was observed between mean MD at CC 
frontal and cognitive composite score (B=-43600, 95%CI=-85200 to -2040, p<0.05) (Table 
5.4, Figure 5.3). 
 
Table 5.4. Univariate linear regression models between dMRI measures and cognitive 
composite score at 12 months CA. 
Tract dMRI measures Cognitive composite score 
  B 95% CI R square p 
CC full Mean FA 161.25 60.63 261.87 0.12 0.002 
CC full Mean MD -61083.35 -112382.53 -9784.17 0.07 0.02 
CC frontal Mean FA 152.91 45.72 260.10 0.095 0.006 
CC frontal Mean MD -43600 -85200 -2040 0.055 0.04 
dMRI: diffusion magnetic resonance imaging; B: beta coefficient (linear regression); 95% CI: 
confidence interval; CC: corpus callosum; FA: fractional anisotropy; MD: mean diffusivity 
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Figure 5.2. Scatterplots generated between A) mean FA at CC full; B) mean MD at CC full, 
and cognitive composite scores. A line was fitted with 95%CI. 
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Figure 5.3. Scatterplots generated between A) mean FA at CC frontal; B) mean MD at CC 
frontal, and cognitive composite scores. A line was fitted with 95%CI. 
 
Significant confounders on cognitive function at 12 months CA were examined with 
multivariate linear regression models and F test. Results from the F test suggested that the 
multivariate linear regression model with dMRI measures alone was the most 
parsimonious model in predicting cognitive function at 12 months CA (see Table 5.5 for F 
test on mean FA measures from the full CC). Overall, mean FA and mean MD measures 
from the full CC respectively are independently associated with cognitive function at 12 
months CA. 
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Table 5.5. F test results for the most parsimonious model between mean FA measures 
from the full CC and cognitive function at 12 months CA. # indicating the most 
parsimonious model in predicting cognitive function at 12 months CA. 
Variables 
F test 
F value Sig. 
Mean FA at CC Full 10.05 0.002# 
Mean FA at CC Full 
5.35 0.007 
CUS risk 
Mean FA at CC Full 
3.53 0.019 CUS risk 
IVH 
Mean FA at CC Full 
2.75 0.034 
CUS risk 
IVH 
Hydrocephalus 
Mean FA at CC Full 
2.51 0.037 
CUS risk 
IVH 
Hydrocephalus 
GA at birth 
CUS: cranial ultrasound; IVH: intraventricular haemorrhage; GA: gestational age 
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EEG coherence and diffusion MRI measures at term and cognitive composite score at 12 
months CA 
To determine the most accurate model of associations with cognitive function at 12 months 
CA, F test with both EEG coherence and dMRI predictor variables was conducted in two 
separate models.  
 
Current literature suggests that cognitive processing is predominantly located in the frontal 
regions of the brain (Buckner et al. 2008). Hence we examined the multivariate regression 
model focusing on EEG coherence measures at frontal electrode pairs (F3-F4 and F7-F8) 
and dMRI measures at the frontal segment of CC. 
From the F test results, the most accurate model was a univariate model with mean FA at 
CC frontal (see Table 5.6 for F test on mean FA and delta coherence), thus, indicating 
mean FA at CC frontal was independently associated with cognitive function at 12 months 
CA. 
 
Table 5.6. F test results for the most parsimonious model between EEG, dMRI and 
cognitive function at 12 months CA. # indicating the most parsimonious model in predicting 
cognitive function at 12 months CA. 
Variables F test 
 F value Sig. 
Mean FA at CC frontal 5.56 0.021# 
Mean FA at CC frontal 
3.58 0.034 
Delta coherence at F3-F4 
Mean FA at CC frontal 
2.45 0.073 Delta coherence at F3-F4 
Delta coherence at F7-F8 
FA: fractional anisotropy; CC: corpus callosum 
  
  Chapter 5 
   75 
 
After considering the r square values from the main findings, we also examined a 
multivariate regression model focusing on theta coherence at electrode pair F3-P3 and 
mean FA measures from the full CC as both of these variables had the highest r square 
values in their respective analysis. 
 
Results from the F test suggest that mean FA measures from the CC frontal alone was the 
most accurate model associated with cognitive function at 12 months CA (see Table 5.7 
for F test on mean FA and theta coherence), indicating mean FA at CC full is 
independently associated with cognitive function at 12 months CA. 
 
Table 5.7. F test results for the most parsimonious model between EEG, dMRI and 
cognitive function at 12 months CA. # indicating the most parsimonious model in predicting 
cognitive function at 12 months CA. 
Variables F test 
 F value Sig. 
Mean FA at CC full 7.72 0.007# 
Mean FA at CC full 
4.64 0.013 
Theta coherence at F3-P3 
FA: fractional anisotropy; CC: corpus callosum 
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Discussion 
The main findings were that EEG coherence and mean FA at CC were associated with 
cognitive function at 12 months CA. Specifically, when determining the most accurate 
model on cognitive function at 12 months CA, mean FA measures from the full CC alone 
was observed to be independently associated with cognitive function at 12 months CA. 
 
EEG coherence measures at term and cognitive function at 12 months CA 
EEG coherence values were observed to be significantly associated with cognitive function 
at 12 months CA, independent from any confounders. All significant associations were 
observed in a negative manner, suggesting higher coherence values are associated with 
poorer cognitive function. This aligns with the literature and support our hypothesis that 
higher coherence is associated with poorer outcome. 
 
No significant associations were found between inter-hemispheric coherence values and 
cognitive function at 12 months CA, except delta coherence at electrode pair C3-C4 (which 
had a relatively low r square value). The other significant associations with slightly higher r 
square values were observed at electrode pair F3-P3. This paring is located between 
frontal and parietal areas over the left hemisphere. This suggests that fronto-parietal 
connectivity in the left hemisphere might be an informative marker on cognitive function at 
12 months CA, compared to other electrode pairs analysed.  
 
A recent study by Caeyenberghs and Leemans (2014) examined the lateralisation 
between the left and right hemisphere in a large adult sample (n=346, age range=20-86 
years). An increase of efficiency within intra-hemispheric connections was observed in the 
left hemisphere, when compared to the right hemisphere. Furthermore, this increase of 
intra-hemispheric connectivity was particularly observed in the brain regions that are 
involved in language and memory (Iturria-Medina, Perez Fernandez et al. 2011, Gotts, Jo 
et al. 2013, Caeyenberghs and Leemans 2014). During infancy, increased intra-
hemispheric coherence was observed in infants who performed poorly on cognitive task 
(n-=13, age: 7-12 months) (Bell and Fox 1992). Hence it has been proposed that this 
region-specific, left intra-hemispheric connectivity measure might be associated with 
cognitive function (Ocklenburg, Friedrich et al. 2016). This aligns with the main findings in 
this chapter observed at electrode pair F3-P3, also sensitive to brain regions involved in 
these cognitive functions. Thus, intra-hemispheric coherence measures may be able to 
inform us of cognitive outcome. In particular, based on the significant negative 
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associations between coherence measures and cognitive function, lower left intra-
hemispheric coherence is associated with better cognitive function.  
 
Nevertheless, it should be noted that the r square values observed in the significant 
associations were relatively small. Replication of these results would strengthen their 
validity. 
 
Diffusion MRI measures at term and cognitive function at 12 months CA 
The main findings are that dMRI values are independently associated with cognitive 
function at 12 months CA. A positive association was observed with FA measures 
whereas a negative association was found with mean MD measures. This is consistent 
with recent findings where preterm infants with abnormal cognitive outcome at 18 months 
CA had significantly lower mean FA at CC compared to the preterm infants with normal 
outcome (Malavolti, Chau et al. 2017). This result, that a higher mean FA at CC is 
associated with better cognitive outcome, is consistent with the significant positive 
associations between mean FA at CC and cognitive scores observed in this thesis.  
 
Several previous studies have examined the relationship between the measures at corpus 
callosum and cognitive outcome in preterm-born cohorts. Firstly, Nosarti et al. (2004) 
observed a reduction in the size of the CC in preterm-born adolescents (n=72, born <33 
weeks GA, age: 14-15 years), when compared to term-born. Total mid-sagittal CC size 
and mid-posterior surface area were also found to be positively associated with verbal IQ 
and fluency in the boys from this cohort. Secondly, global reduction in size of CC 
(particularly in the splenium, posterior midbody and genu) was also seen in a smaller 
preterm-born cohort (n=25, born <33 weeks GA, age: 13 years), when compared to term-
born (Caldú, Narberhaus et al. 2006). Significant positive correlations between size of CC 
and performance IQ were also found in this preterm-born cohort. Lastly, it was previously 
observed that mean MD at the genu of CC were associated with performance IQ in adults 
born preterm (Kontis, Catani et al. 2009). Combined with the findings from this chapter, 
these results suggest that the poor development of CC in the preterm-born cohort is 
associated with poorer cognitive function up to adulthood. 
 
CC was examined as a full tract, and also the frontal segment of the tract based on its 
projections to the frontal cortex. It was expected that the frontal segment of the CC would 
be a more informative marker of cognitive function, as cognitive processing is 
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predominantly located at the frontal region of the brain (Buckner, Andrews-Hanna et al. 
2008). However slightly higher r square values were observed in the associations when 
examining CC as a full tract. This suggested that the CC as a full tract might be a better 
marker for cognitive function at 12 months CA, when compared to the frontal segment of 
the tract. This might be explained by the full CC tract containing more connections 
between the two hemispheres and that they are also essential to complex cognitive 
processing. 
 
There were extra procedures involved in extracting dMRI measures from CC frontal, when 
compared to the extraction from the full CC. Segmentation of the full CC is required in 
order to obtain the frontal segment of CC. Manual cleaning of the CC frontal could then be 
performed, followed by the extraction of dMRI measures. Therefore, when examining the 
feasibility of extracting dMRI between full CC and CC frontal, full CC would be a relatively 
easier marker to investigate. Furthermore, the main findings indicated that dMRI measures 
from full CC were a more informative marker of cognitive function at 12 months CA when 
compared to CC frontal. This suggests that dMRI measures from the full CC should be the 
main focus in future research on cognitive outcome in very preterm infants. 
 
EEG coherence and diffusion MRI measures at term and cognitive function at 12 months 
CA 
The primary objective of this chapter was to determine the most informative marker of 
cognitive function at 12 months CA. Both EEG coherence and dMRI measures were 
analysed respectively, then a further statistical analysis using an F test could inform 
whether a combination of predictive variables generates the most comprehensive model. 
In relation to the literature-driven F test, the main finding suggested that the most accurate 
model to predict cognitive outcome at 12 months CA was mean FA at CC frontal. In 
contrast, when looking at the results-driven F test, the main finding suggests that the most 
accurate model to predict cognitive outcome at 12 months CA was mean FA at CC full. 
Furthermore, from dMRI analysis, the association with mean FA from full CC had a slightly 
higher r square when compared to association with mean FA at CC frontal. As discussed 
before, more inter-hemispheric connections are included in the full CC. This indicates that 
mean FA from full CC is the more informative marker of cognitive outcome in very preterm 
infants. 
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Conclusion 
Assessment of dMRI measures (especially mean FA from full CC) at term equivalent age 
in very preterm infants, may enable identification of infants who are at risk of cognitive 
impairments. This knowledge could then lead to early intervention /therapy and family 
support, focused on the potential to optimise long term outcomes.  
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Chapter 6 – Overall discussion and conclusions and suggested 
directions for future research 
 
6.1 Summary of research results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Summary of research results, with a dashed line separating the significant 
predictions on visual outcome (above the line) and cognitive outcome (below the line). 
 
 
Aim 1 (Chapter 3): In infants born less than 30 weeks GA, we aim to determine if the brain 
function assessed using EEG (frequency-related power and coherence measures) and/or 
structure assessed by diffusion MRI at term equivalent age are associated with clinical 
assessment of visual function (Ricci scale) assessed at term equivalent age. 
 
The main findings were that EEG (power and coherence) and dMRI (mean FA) were 
associated with visual function at term equivalent age respectively. Firstly, measures of the 
power of slow activity at parietal electrodes were associated with visual function at term 
Timeline 
Birth 
≤30 weeks GA 
Term equivalent age 
38-42 weeks PMA 3 months CA 12 months CA 
EEG 
-Power 
-PDC 
dMRI 
-Mean FA 
Visual 
outcome 
Cognitive 
outcome 
EEG 
-Coherence 
dMRI 
-Mean FA 
-Mean MD 
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equivalent age. Relative delta power is sensitive to maturation, as it decreases with age 
(Bell, McClure et al. 1991, Scher, Steppe et al. 1997, Niemarkt, Jennekens et al. 2011). 
This suggests that relative delta power can be an indicator on immaturity in the developing 
brain. Furthermore delta frequency band is the most abundant frequency band during 
infancy and relative power measures across the four neonatal frequency bands are inter-
related. Hence, relative delta power is a sensitive marker on immaturity and is influencial 
towards the reltaive power measures in the other three frequency bands. This may explain 
the significant associations observed in the opposite directions: negative assocations with 
relative delta power but positive associations with relative theta power. Higher relative 
delta power measures, which indicates less maturity/developed brain, are associated with 
poorer visual function. 
 
In addition the anatomical location of the parietal electrodes, where most significant results 
were observed, overlays the visual processing at the dorsal visual stream. Hence, this 
helps explain the significant results observed at the parietal electrodes. Significant results 
were also expected to be found at the occipital electrodes, however, power values at the 
occipital electrodes did not significantly associate with visual function. One possible 
explanation is that the visual cortex is complex with differentiated areas involving with 
region-specific visual function (e.g., spatial-related visual function at parietal region) 
(Nachev and Husain 2006, Bourne 2010). In addition, Neonatal Visual Assessment used in 
this thesis focuses on spatial-related visual function, with total visual scores indicating the 
maturity of the parietal region. Thus, explaining the significant results found at the parietal 
electrodes.  
 
Secondly, beta intra-hemispheric coherence was negatively associated with visual function 
at term equivalent age. This suggested that lower coherence values might be associated 
with immaturity. This is supported by previous observations that coherence values 
decreases with age/development during the neonatal period (Meijer, Hermans et al. 2014). 
In specific, weekly EEG in preterm infants (born less than 37 weeks GA) showed that beta 
intra-hemispheric coherence decreased with age at electrode pairings with occipital region. 
The association between lower coherence values and better visual function supports the 
hypothesis. Furthermore the location of the electrode pairs (P3-O1 and P4-O2) where the 
significant results were observed indicates that parietal-occipital connectivity in both left 
and right hemispheres is vital to visual function in the preterm brain. This is supported by a 
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study that examined EEG coherence during visual task in children (n=56, age: 10-13 years 
old) (Gasser, Jennen-Steinmetz et al. 1987). EEG coherence values were observed to be 
higher at the parietal-occipital electrode pairs during visual task, compared to coherence 
values at rest. This suggested that parietal-occipital connectivity is associated with visual 
processing. In combination with the findings from this thesis, EEG parietal-occipital 
coherence measures might be an informative marker for visual function.  
 
Mean FA at OR was positively associated with visual function at term equivalent age. 
Mean FA has been an indicator on the maturity of the developing brain, with higher mean 
FA values associating with more mature brain. The finding suggest that lower FA values at 
OR might indicate immaturity in the development of the OR tracts, thus, informing (poorer) 
visual function.  
 
Lastly, EEG (power and coherence) and dMRI measures loses statistical significance after 
adjusting for age (in weeks PMA), but they still contribute to the associations with visual 
function at term equivalent age. Hence, the most informative model on visual function at 
term is the predictive measures (i.e., EEG power, coherence, and dMRI measures 
respectively) with age (in weeks PMA).  
 
This leads to the next objective of the thesis to investigate the same EEG and dMRI 
measures at term equivalent age and their ability to inform visual function at 3 months CA. 
 
Aim 2 (Chapter 4): In infants born less than 30 weeks GA, to determine if brain function 
assessed using EEG (frequency-related power and coherence measures) and/or brain 
structure assessed by diffusion MRI at term equivalent age predict clinical assessment of 
visual function (Ricci scale) assessed at 3 months CA. 
 
The main findings were that EEG (power and PDC) and dMRI (mean FA) were associated 
with visual function at 3 months CA respectively. All significant associations were 
independent of any significant confounders. Firstly, parietal relative power measures in 
delta, alpha and beta frequency bands were associated with visual function at 3 months 
CA. This is similar to the associations observed in the previous chapter (Chapter 3), with 
negative association observed between parietal relative delta power and visual function at 
3 months CA, and positive associations observed between parietal relative power in higher 
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frequency bands (alpha and beta) and visual function. The electrodes (i.e., PZ, P3, P4) 
where significant results was observed in this chapter (Chapter 4) were also the same 
electrodes (i.e., PZ, P3, P4) with significant results in the previous chapter (Chapter 3). 
This suggests that the relative power measures at the parietal region are informative in 
relation to visual function in very preterm infants. 
 
Secondly, EEG PDC measures across all four frequency bands were positively associated 
with visual function at 3 months CA. The direction of the associations were opposite to the 
hypothesis. This indicates that PDC values might not be correlated with age similar to 
conventional coherence; where conventional coherence values across frequency bands 
are known to decrease with age (Gasser, Jennen-Steinmetz et al. 1987). A study carried 
out by Michels et al. (2013) examined the renormalised partial directed coherence (RPDC) 
in school-age children (n=17, age: 10±1 years) and adults (n=17, age: 25±4 years). Higher 
RPDC values were observed in the adults when compared to the school-age children. 
Though, this is the only study conducted on PDC and development to our knowledge. In 
combination with the findings in Chapter 4 of this thesis, it appears that there is a positive 
relationship between PDC measures and age.  
 
In addition, all of the significant associations involving PDC were observed only at the 
electrode pairs directed towards right occipital region of the brain. This might be reflecting 
the lateralisation of the developing brain (Chiron, Jambaque et al. 1997, Dehaene-
Lambertz and Spelke 2015). A recent study used EEG PDC measures to assess brain 
development and aging in three groups representing: children (n=17, age=0-10 years), 
adult (n=19, age=26-38 years) and elderly (n=15, age=56-80 years) populations (Zhu, Guo 
et al. 2011) and reported that the two hemispheres mature at different rate, with the 
functional connectivity in the right hemisphere developing before the left in early childhood. 
This might explain the significant associations found directing only towards the right 
occipital region of the brain.  
 
Mean FA at OR was positively associated with visual function at 3 months CA. This is 
similar to the significant associations found between mean FA at OR and visual function at 
term equivalent age. Although this association maintained significance after adjusting for 
confounding variables, this association remains weak (i.e., upon visual inspection of 
graph) and may not have the potential to be useful in clinical settings. 
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It was expected that there would be a correlation between visual scores at term equivalent 
age and visual scores at 3 months CA because the same visual assessment was used at 
both time-points. However, visual scores at term equivalent age were not significantly 
associated with visual scores at 3 months CA. Furthermore the associations between 
predictive measures and visual function at 3 months CA remained significant after 
adjusting for confounders. Hence, these findings suggest that the predictive measures 
(esp. EEG power and PDC measures) may be considered for clinical application in future. 
 
Aim 3 (Chapter 5): In infants born less than 30 weeks GA, to determine if brain function 
assessed using EEG (frequency-related power and coherence measures) and/or brain 
structure assessed by diffusion MRI at term equivalent age predict cognitive function 
(BSITD-III) assessed at 12 months CA. 
 
The main findings were that EEG coherence and dMRI (mean FA and MD) were 
associated with cognitive function at 12 months CA. All significant associations were 
independent of the influence of any significant confounders. Firstly, delta inter-hemispheric 
coherence at central region of the brain was negatively associated with cognitive function 
at 12 months CA. Intra-hemispheric coherence measures between frontal and parietal 
regions of the brain for theta and beta frequency bands were also negatively associated 
with cognitive function at 12 months CA. A study examined inter- and intra- hemispheric 
coherence during working memory task in adult patients with mild cognitive impairment 
(Jiang and Zheng 2006). Higher inter- and intra- hemispheric coherence values across all 
frequency bands during working memory task were observed in the patient with mild 
cognitive impairment when compared to the control group. This might explain the negative 
associations found between coherence values and cognitive function in this thesis. 
Furthermore brain development consists of specialisation and differentiation of different 
brain regions, thus, coherence values are expected to be lower between two developed 
and differentiated regions in a more mature brain. This explains that lower the coherence 
values associating with better cognitive function in our very preterm infants.  
 
Secondly, mean FA at CC (both full tract and frontal segment) was positively associated 
with cognitive function at 12 months CA. In contrast, mean MD at CC (both full and frontal 
segment) was negatively associated with cognitive function at 12 months CA.  
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Structural development of the CC and its correlation with cognitive function has been 
investigated in the developing brain previously. In particular, the size of the CC (assessed 
by structural MRI) was positively associated with cognitive function in preterm-born 
children (Nosarti, Rushe et al. 2004, Caldú, Narberhaus et al. 2006). In a study conducted 
by Kontis et al. (2009), MRI and cognitive function were assessed at the same time-point, 
at 15 years of age, in adults born very preterm (<33 weeks GA). Mean MD at the CC has 
been found to be associated with cognitive function (assessed as performance IQ) in 
adults born preterm. Combined with the findings from this chapter, these results suggest 
that the poor development of CC in the preterm-born cohort is associated with poorer 
cognitive function up to adulthood. 
 
Lastly, multivariate regression and F test were used to determine the most informative 
model of cognitive function. This explored all the possible regression models of EEG and 
dMRI measures that were significantly associated with cognitive function at 12 months CA. 
The results suggested that the univariate linear regression model with mean FA measures 
from the full CC was the most informative on cognitive function at 12 months CA, when 
compared to other significant predictor variables such as coherence measures.  
 
  
  Chapter 6 
86 
 
 
6.2 General discussion 
In summary, different EEG and MRI measures were associated with different function at 
different time points, specifically: i) EEG power measures were associated with visual 
function both at term equivalent age and at 3 months CA; ii) EEG coherence measures 
were associated with visual function at term equivalent age and cognitive function at 12 
months CA; iii) EEG PDC measures were associated with visual function at 3 months CA; 
iv) mean FA was associated with visual function at term equivalent age; and v) mean FA 
and mean MD were associated with cognitive function at 12 months CA. 
 
In terms of predicting visual function in the very preterm cohort, the results indicate that the 
examination of dMRI measures at OR only is not efficient as early biomarker. In contrast, 
dMRI measures from the whole CC were predictive on cognitive function. As discussed 
before, this is likely due to the complexity of cognitive processing and its need for 
connectivity between left and right hemispheres of the brain. This aligns with the role of 
CC connecting the majority of the cortical areas between the left and right hemispheres 
(Schmahmann and Pandya 2006), and previous results of dMRI measures in CC 
associated with reading skills at school age (Beaulieu, Plewes et al. 2005, Niogi and 
McCandliss 2006, Andrews, Ben-Shachar et al. 2010).  
 
It was also expected that the visual scores at term equivalent age would predict the visual 
scores at 3 months CA as the same visual assessment was used at both time-points. 
However, this was proven not to be the case and a different predictive method is required 
(i.e., qEEG). Thus, the findings suggest that EEG power and PDC measures were more 
informative on informing visual function at 3 months CA. 
 
Furthermore, we examined EEG and MRI at one particular point in time, at term equivalent 
age. However, dynamic changes occurred during development and such changes have 
been observed in EEG within weeks during the neonatal period (Mizrahi, Hrachovy et al. 
2004, Britton, Frey et al. 2016). In particular, different EEG features present at different 
time-points between 26-54 weeks PMA, e.g., temporal alpha bursts only appears between 
32-34 weeks PMA but sleep spindles are not present until 43 weeks PMA (Mizrahi, 
Hrachovy et al. 2004). Differences in EEG background activity (i.e., inter-burst intervals 
and synchrony) can also be observed between active sleep and quiet sleep (Britton, Frey 
et al. 2016). This was also observed in MRI, changes in dMRI measures were observed in 
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multiple white matter tracts across the first two years of age in full-term infants (Geng, 
Gouttard et al. 2012). Furthermore, the growth of the putamen and caudate between birth 
and term equivalent age, assessed by structural MRI, predicted cognitive outcome at 4 
years of age in preterm-born children (Young, Powell et al. 2015). Thus, assessing the 
very preterm cohort at multiple time-points might allow better insight into brain 
development and increase the predictive potential of EEG and MRI measures. 
 
Longer EEG monitoring (e.g., 24-72 hours of recording) would also be desirable, as it 
would produce richer EEG data with minimal interference. More EEG features would also 
be available for analyses. For example continuity and synchrony of EEG background 
activity, which is known to be associated with maturity (Mizrahi, Hrachovy et al. 2004), 
could then be examined. 
 
Skull conductivity is estimated to be highly variable in infants and conductivity is expected 
to affect the accuracy of localised EEG measures. For example, it can be challenging to 
distinguish measures between electrodes P3 and O1 as they might be measuring activity 
from similar brain regions. EEG results were interpreted with caution and further analyses 
such as source reconstruction in this very preterm cohort is being explored in the follow-on 
study. 
 
In addition, it is important to bear in mind that the r square values from most of the 
significant associations were relatively small. It is therefore pertinent to tentatively interpret 
the results in this thesis. Hence, further research and validation are needed until clinical 
implication. In general, main findings suggest that EEG and MRI hold promising 
contribution to the prognostication of visual and cognitive outcome in very preterm infants.  
 
6.3 Strengths of the thesis 
To avoid bias in data analyses, all assessors were blinded throughout data collection. EEG 
data processing and analyses were carried out blinded to the clinical history and outcome. 
Assessors for clinical assessment were blinded to the EEG and MRI findings. Therefore, 
potential bias, including scoring later outcome differently if the assessor was aware of term 
EEG/MRI findings, has been avoided. 
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As discussed in the systematic review (see Chapter 1), we aimed to summarise the data 
from previously published papers to determine which EEG background marker(s) are best 
at predicting cognitive outcome in the very preterm population. However, the data were too 
heterogeneous and challenging to be (meta-)analysed and summarised. Furthermore, 
EEG data were assessed/scored by visual inspection in all but two included studies and it 
can be subjective and biased. Quantitative EEG analysis that was used in this thesis is a 
more objective tool to examine brain function and the development of the preterm brain. 
Thus, all EEG data in this thesis were analysed in qEEG analyses. 
 
To my knowledge, this thesis is the first study to investigate the relationship between 
qEEG and outcomes, both as continuous variables. Most studies focus on the binary 
classification of visually inspected EEG activity and clinical outcome, i.e., the relationship 
between normal/abnormal EEG and normal/abnormal clinical outcome (Selton, Andre et 
al. 2013, Perivier, Roze et al. 2016). This divides the cohort into sub groups and focuses 
only on the binary/categorical investigation, i.e., how many infants with abnormal EEG 
have abnormal outcome, rather than the relationship between EEG and outcome. Hence, 
it is not investigating the association between potential biomarkers and clinical outcomes 
(i.e., the inclusion of most of the very preterm population). In contrast, the analyses with 
continuous variables in this thesis enable examination of associations between brain 
activity and clinical outcome in the very preterm population in greater depth. 
 
In addition, the qEEG and dMRI variables were analysed extensively in this thesis. We 
examined the intensity of EEG (EEG power), as well as the synchrony (EEG coherence) 
and the directional connectivity (EEG PDC) between brain regions. All qEEG measures 
were analysed in each of the four neonatal frequency bands. These were performed at 
function-specific electrodes: parietal and occipital electrodes for vision-related analyses; 
frontal and central electrodes for cognition-related analyses. Furthermore, dMRI measures 
(FA and MD) were extracted from function-specific tracts: OR for vision-related analyses 
and CC for cognition-related analyses. CC was further segmented to focus on the frontal 
region of the tract. These extensive hypothesis-driven analyses strengthens the findings in 
this thesis. 
 
Lastly, it has been observed that sedation can influence EEG in both children and adults, 
especially increasing in power values during sedation (Veselis, Reinsel et al. 1993, Mason, 
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O'Mahony et al. 2009, Britton, Frey et al. 2016). Sedation was not used in the infants in 
this thesis.  
 
6.4 Limitations of the thesis 
Some limitations of this thesis include the coding capacity in the EEG PDC analysis. PDC 
analysis was coded to analyse coherence between 12 chosen electrodes in 15 epochs 
(i.e., one minutes of recording). However, artefact-free EEG data could not always be 
extracted from all 12 chosen electrodes and recoding is required for each set of data with 
excluded electrodes. Different electrodes were excluded due to artefacts in 29 infants, 
e.g., electrode F4 was excluded in one infants while electrodes C3 and C4 were excluded 
in two infants. To recode the analysis for each infant, time devoted for EEG PDC analysis 
will significantly increase and will not be suitable within the timeframe of this thesis. Hence, 
29 infants were ultimately excluded from the PDC analysis. Recoding was also required 
when artefact-free EEG data could not be extracted up to 1 minute, thus, two infants were 
excluded. This has reduced the sample cohort in the PDC analysis to 49 very preterm 
infants (61% of EEG analysed). The PDC findings are therefore less reliable than is ideal. 
 
Visual assessment at term equivalent age was generally challenging as infants often 
sleep. It became less challenging at 3 months CA, however, most of the infants performed 
well with the visual assessment and this created a ceiling effect with the test score. 
Furthermore, visual scores at term equivalent age in this thesis had a wide distribution 
(from 0 to 27) and were different from an observational study conducted by the developers 
of the Neonatal Visual Assessment (Ricci, Cesarini et al. 2008). Higher visual scores were 
observed at term equivalent age in 109 preterm infants (born <31 weeks GA). This could 
be explained by the different inclusion/exclusion criteria between this thesis and their 
study. With the intention to include as many very preterm infants as feasible, the only 
exclusion criteria in this thesis was to exclude any infants with any major or congenital 
abnormality. In contrast, the observational study conducted by Ricci et al. (2008) was 
excluding the infants who were dependent on oxygen, receiving phototherapy or had ROP 
at stage higher than 2. Thus, the authors only included preterm infants who were at low 
risk of neurodevelopmental impairments whereas a wider spectrum of very preterm cohort 
was included in this thesis. 
 
Cognitive function was assessed at 12 months CA in this thesis which is too early to 
accurately determine the cognitive outcomes of the very preterm cohort. It would be more 
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appropriate if cognitive outcome was assessed at or older than 2 years CA. The most 
optimal time to assess cognitive outcome is school age or later as this allows greater and 
more detailed cognitive tests which should to increase accuracy. Although this is not 
suitable within the timeline of this thesis, a follow-on project is underway with the follow-up 
data collection at 2 years CA. There is potential in this project to follow up at even longer 
time-points – such as school aged children. 
 
Furthermore, infants who failed to return for follow-up (n=12) are often the infants with 
worse outcome and higher biological and social risk (Tin, Fritz et al. 1998, Callanan, Doyle 
et al. 2001, Roberts, Howard et al. 2008). Hence, we might be missing critical data by 
excluding these infants. However, if we were able to include these infants, which leads to a 
larger cohort with a more diverse representation of the very preterm population, the results 
would be strengthened.  
 
Other limitations were that dMRI analyses were conducted on two specific tracts: optic 
radiation for vision-related analyses and corpus callosum for cognition-related analyses. 
Other associating tracts should also be explored, as they are also involved in these 
functions. For example, we can examine the rest of the optic pathway (i.e., optic nerve and 
optic tract) (Remington 2012) for vision-related analyses. Furthermore, dMRI cognition-
related analyses focused on the CC in this thesis, which represents the majority of inter-
hemispheric connectivity. We should also investigate intra-hemispheric connectivity in 
cognition-related analyses, as EEG coherence results showed that coherence between 
frontal and parietal regions of the brain were associated with cognitive function. Hence, 
tracts of interest in further cognition-related analyses can be the superior longitudinal 
fasciculus (Frye, Hasan et al. 2010) and fronto-occipital fasciculus (Catani and Dawson 
2017) as they were suggested to be involved with cognitive function. 
 
6.5 Clinical and research implications and recommendations for future research 
In a recent Cochrane review on the effects of interventions on outcomes in preterm infants 
(Spittle, Orton et al. 2015), better cognitive outcome was observed in intervention groups 
at infancy and preschool age. Thus, the ultimate objective of this thesis is to identify at-risk 
infants earlier, to enable them to be enrolled into intervention/therapy and trials earlier. 
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As mentioned in the systematic review in Chapter 1, it is preferable to analyse predictor 
(i.e., qEEG and dMRI) and outcome both as continuous variables, when compared to 
binary/categorised variables (e.g., normal vs abnormal EEG). In this thesis, we have 
demonstrated that linear regression modelling offers a detailed method to statistically 
analyse these results. It can show the associations between predictive and outcome 
measures in greater depth with both measures as continuous variables, rather than a 
simple binary relationship between the variables in most of the previous studies. In 
addition, multivariate regressions modelling and F test can assist with determining which 
marker(s) was the most informative on outcome. 
 
However, at this stage, with the findings from this thesis, the utility of qEEG analyses and 
advanced diffusion imaging for prognostication in very preterm infants is still under 
exploration. Further studies are needed before clinical translation should occur. Hence, 
they remain scientific/research tools until further research establishes their value in clinical 
settings. We recommended similar study settings with a larger sample and analysing more 
EEG and MRI features.  
 
Longitudinal changes in EEG/MRI are continuous (Britton et al. 2016, Geng et al. 2012, 
Mizrahi et al. 2004, Young et al. 2015) and should be examined in series of EEG 
recordings and MRI scans at multiple time-points. This might provide greater insight into 
brain development and increase the predictive potential of the biomarkers. This is also 
supported by a National Health and Medical Research Council guideline which 
recommends research focus on screening and identifying infants who are at risk of 
neurodevelopmental deficits at multiple time-points (Oberklaid, Wake et al. 2002). Thus, 
future research should also examine the changes in maturation during the neonatal period 
in the developing brain. In addition to the EEG and MRI at term equivalent age from this 
thesis, early EEG and MRI should be examined. For instance EEG power measures 
assessed within the first week of life in preterm infants (born at ≤35 weeks GA) were 
significantly associated with neurodevelopmental outcome up to two year of age 
(Schumacher et al. 2013, Suppiej et al. 2017). Furthermore, our group has observed 
significant associations between early MRI scores assessed at 32 weeks PMA and motor, 
neurological and neurobehavioral function at term equivalent age in this very preterm 
cohort (George, Fiori et al. 2018). Early EEG and MRI at 30 weeks GA are also underway 
in the follow-on study. 
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Assessment of outcome measures needs to be robust. Compared to the 12 months follow-
up time-point in this thesis, cognitive outcome is usually assessed at or older than two 
years of age when it was higher correlations with later childhood outcomes. For future 
research, cognitive outcome should be assessed at or older than two years of age.  
 
Future research should continue to search for new, early biomarkers of outcome for very 
preterm infants. EEG and MRI potentially have a lot to offer in this task, especially EEG 
measures for visual outcome and dMRI measures for cognitive outcome. In addition to 
qEEG and dMRI measures at term equivalent age, early functional and structural network 
analyses (i.e., various EEG analyses, diffusion and structural MRI analyses) potentially 
offer valuable insights into early brain development. 
 
Future research could focus on EEG from scalp electrodes being reconstructed in source 
space which would allow improved spatial localisation and therefore more precise 
correlations of EEG with known sources of cortical function(s). 
 
Data fusion of EEG and MRI features would capture the potential to relate both structural 
features from MRI and the corresponding functional networks from EEG, to ascertain their 
relationship with later brain function. 
 
6.6 Overall conclusion 
EEG and MRI features in very preterm infants are potential biomarkers of visual and 
cognitive functional outcomes. In particular, EEG power and PDC measures are 
associated with visual outcome at 3 months CA, whereas dMRI measures at the CC are 
associated with cognitive outcome at 12 months CA.  
 
Although qEEG and dMRI measures for prognostication remain research tools at present, 
future research is warranted using larger sample size, various EEG and MRI parameters 
and data fusion. This will enable prognostication of outcome which would allow accurate 
early identification of at-risk infants and early enrolment into intervention and family 
support. Future studies during a time when brain plasticity is still very high and 
interventions to improve outcomes are potentially most likely to be effective. 
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3. Systematic review 
 
Title: Background EEG features and prediction of cognitive outcomes in very preterm infants: A 
systematic review 
Abstract 
Objectives: Very preterm infants are at risk of cognitive impairment, but current capacity to predict 
at-risk infants is sub-optimal. Electroencephalgraphy (EEG) has been used to assess brain function 
in development. This review investigates the relationship between EEG and cognitive outcomes in 
very preterm infants. 
Methods: Two reviewers independently conducted a literature search in April 2018 using PubMed, 
CINAHL, PsycINFO, Cochrane Library, Embase and Web of Science. Studies included very 
preterm infants (born ≤34 weeks gestational age, GA) who were assessed with EEG at ≤43 weeks 
postmenstrual age (PMA) and had cognitive outcomes assessed ≥3 months of age. Data on the 
subjects, EEG, cognitive assessment, and main findings were extracted. Meta-analysis was 
undertaken to calculate pooled sensitivity and specificity. 
Results: 31 studies (n=4712 very preterm infants) met the inclusion criteria. The age of EEG, length 
of EEG recording, EEG features analysed, age at follow-up, and follow-up assessments were 
diverse. The included studies were then divided into categories based on their analysed EEG 
feature(s) for meta-analysis. Only one category had an adequate number of studies for meta-
analysis: four papers (n=255 very preterm infants) reporting dysmature/disorganised EEG patterns 
were meta-analysed and the pooled sensitivity and specificity for predicting cognitive outcomes 
were 0.63 (95%CI: 0.53-0.72) and 0.83 (95%CI: 0.74-0.89) respectively. 
Conclusions: There is preliminary evidence that background EEG features can predict cognitive 
outcomes in very preterm infants. Reported findings were however too heterogeneous to determine 
which EEG features are best at predicting cognitive outcome. 
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Keywords 
EEG, Preterm infants, Cognitive outcome, Meta-analysis, Systematic review 
 
Abbreviations 
CA  Corrected age 
EEG   Electroencephalography 
GA  Gestational age 
PMA  Postmenstrual age 
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1. Introduction 
Preterm infants are at a high risk of neurodevelopmental impairment(s) due to both specific events 
including intraventricular haemorrhage (IVH) and periventricular leukomalacia (PVL) and systemic 
conditions including infection, inflammation and poor nutrition [1-7]. Medical advances and 
improved neonatal intensive care have led to improved survival rates [8-10] and consequently more 
infants with  neurodevelopmental abnormalities [11, 12].  
Early identification of preterm infants who are at increased risk of adverse outcomes will inform 
prognostication [13], and facilitate counselling and allow early interventions to be appropriately 
targeted.  
Electroencephalography (EEG) is a promising method to allow early identification of adverse 
outcome. EEG is an inexpensive, non-invasive and well-established method to assess brain function 
in both health and disease [13, 14] and is widely used to detect functional brain abnormalities such 
as seizures and neurological and functional outcomes [13-16]. EEG has been demonstrated to be a 
predictor of later neurodevelopmental outcomes (such as cognitive and motor deficits), based on the 
analyses of features including discontinuity, frequency, amplitude and coherence [17-21].  
This systematic review describes the relationship between features or patterns in EEG recorded 
during the interval between birth and term equivalent age that have been described in the literature 
and the subsequent cognitive outcomes (measured at ≥3 months corrected age) in infants born very 
preterm.   
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2. Methods 
2.1 Search strategy 
Two reviewers (AK, ML) conducted a literature search independently in PubMed (1951-April 
2018), CINAHL (1982- April 2018), PsycINFO (1966- April 2018), Embase (1947- April 2018), 
Cochrane Library (1996- April 2018), and Web of Science (1900- April 2018) for papers published 
up until 16 April 2018. The search strategy consisted of the following terms with derivations: 
1) Preterm infants or prematurity; 
2) Electroencephalography or electroencephalogram or EEG; 
3) Cognitive outcome or neurodevelopmental assessment. 
The specific search term for PubMed was: (((((("developmental disabilities"[MeSH Terms]) OR 
"Denver Developmental Screening Test") OR "Griffiths mental development scales") OR "Alberta 
infant motor scale") OR "Prechtl scale") OR Bayley scales infant development) OR 
neurodevelopmental OR "Neuropsychological Tests"[Mesh] OR “neurological assessment” OR 
(developmental AND outcome))) AND ((("electroencephalography"[MeSH Terms] OR 
"electroencephalography"[All Fields] OR "eeg"[All Fields] OR electroencephalogram)) AND 
(((premature OR preterm OR prematurity OR low birth weight)) AND (infant* OR neonate* OR 
newborn))). 
Specific search terms for other databases are presented in Appendix A. 
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Inclusion criteria 
Studies were included if they contained: 
i) any background EEG features assessed at ≤43 weeks PMA; 
ii) cognitive outcomes assessed ≥3 months corrected age (CA); 
iii) very preterm infants (born ≤34 weeks GA);  
iv) published in English. 
The search process and screening results are shown in Figure 1. 
2.2 Quality assessment 
Quality assessment of included papers was carried out by the two reviewers independently 
according to the Strengthening the Reporting of Observational studies in Epidemiology (STROBE) 
checklist. The checklist assesses the quality of the paper according to 22 criteria, including whether 
the authors have stated potential bias and whether detailed statistical methods were presented, with 
higher scores indicating better quality of the study.  
2.3 Data extraction 
The following data were extracted and summarised for each study: gestational age (GA) at birth, 
age at EEG recording, duration of EEG, type of EEG analysis, background EEG features analysed, 
age at follow-up, and type of neurodevelopmental assessment/s. Studies were categorised into four 
categories according to the background EEG features analysed: ‘Dysmature/disorganised pattern’, 
‘Burdjalov score [22]’, ‘Bursts’, ‘Power spectra’ and ‘Various background features/unspecified’.  
The ‘Dysmature/disorganised pattern’ category includes studies that examined and compared 
background EEG features to the maturation observed in healthy newborn, whereas the ‘Burdjalov 
scores’ category includes studies that used a scoring system that assesses the EEG recording in 
terms of continuity, sleep-wake cycling, amplitude and bandwidth [29] for EEG analysis. The 
Burdjalov score ranges from 0 to 13, with a higher score being associated with increasing maturity. 
This scoring system assesses amplitude integrated EEG (aEEG) for continuity, amplitude and 
bandwidth of the lower border, and cycling. Studies that reported bursts and/or burst characteristics 
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were categorised in the ‘Burst’ category; and ‘Power spectra’ category was defined when the EEG 
variables were computed from power spectral analysis. ‘Various background features/unspecified’ 
category was defined when a study analysed three or more background EEG features or did not 
specify the EEG analysis beyond a qualitative report. 
2.4 Statistical analysis 
To determine the prognostic values of EEG background features to cognitive outcome (i.e., to 
calculate the sensitivity and specificity), data were extracted from the studies and entered into a 2-
way table consisting of: 
- True positive (TP): number of infants presented with both abnormal EEG and abnormal 
outcome; 
- False positive (FP): number of infants presented with abnormal EEG and normal outcome; 
- False negative (FN): number of infants presented with both normal EEG and abnormal 
outcome; 
- True negative (TN): number of infants presented with both normal EEG and normal 
outcome. 
‘Normal’ and ‘mildly abnormal’ EEG/outcome measures as presented in the included studies were 
re-classified as ‘normal’ in this review. Alternatively ‘moderately abnormal’ and ‘severely 
abnormal’ EEG/outcome measures as presented in the included studies were re-classified as 
‘abnormal’ in this review. 
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Sensitivity and specificity were calculated as: 
- 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃
𝑇𝑃 + 𝐹𝑁
 
- 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑁
𝐹𝑃 + 𝑇𝑁
 
Due to the diversity of statistical analyses and not all results being reported in the included studies, 
most studies were excluded from meta-analysis for the following two reasons: 1) Inability to extract 
sufficient data due to lack of data in the included study; or 2) Inadequate studies for meta-analysis 
in this EEG feature category. 
For the remaining studies, a forest plot was computed using RevMan 5 [30] and further calculations 
of pooled sensitivity and specificity and a hierarchical summary receiver operating characteristic 
(HSROC) graph for summary estimates across studies were generated as outlined in the Cochrane 
handbook [23] using Stata v 14.0 [24].   
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3. Results 
3.1 Characteristics of included papers 
Of the 751 publications identified by the initial search, 373 remained after duplicates were removed. 
After screening to remove non-English papers and studies without preterm infants (n=338), 35 
articles remained. Of these, 27 remained after excluding studies with preterm infants born ≥34 
weeks GA, EEG recorded ≥43 weeks GA, or follow-up assessments ≤3 months. A further 4 studies 
were included from additional screening through references of included papers. A total of 31 studies 
were finally included (see Figure 1 for flowchart). These 31 studies involved a total of 4712 preterm 
infants of whom 255 (from 4 studies) were included in the meta-analysis. Results of the meta-
analysis are presented in Section 3.3 and Figures 2 and 3. 
3.2 Data quality 
The total STROBE score as well as the subscore for each item for each study, which were agreed 
between two independent scorers, are presented in Table 1. The quality scores range from 12.3 to 
21.3 out of an optimal 22. In general, inadequate information was often found in the following 
items of the STROBE checklist: study design, study size, statistical methods, and descriptive data of 
results. 
 3.3 Measures 
Data were extracted from the 28 included studies and a summary of EEG and outcome variables is 
presented in Table 2. Various statistical analyses were used in the included studies, resulting in vast 
diversity in reported findings. For example, some studies investigate the relationship between EEG 
and cognitive outcome viewing both EEG and cognitive outcome as continuous variables. In 
contrast, some studies reported the predictive values of EEG towards cognitive outcome viewing 
both variables as dichotomous. All reported findings were reported in different formats across the 
included studies, including: sensitivity, specificity, positive/negative predictive value, odds ratio, 
regression coefficient, correlation coefficient, AUC, positive likelihood ratio, % correctly predicted. 
All data reported were extracted and are shown in the detailed Supplementary Table 1. 
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3.4 Sensitivity and Specificity 
Out of the 31 included studies, only two reported sensitivity and specificity. One paper (Song et al., 
2015, n=324) in the ‘Burdjalov score’ category reported sensitivity 0.75 (95%CI: 0.53-0.90) and 
specificity 0.61 (95%CI: 0.51-0.70). One paper (Lacey et al. 1986, n=102) in ‘Bursts’ category 
reported sensitivity 0.60 (95%CI: 0.44-0.75) and specificity 0.54 (95%CI: 0.44-0.64). 
In order to compute sensitivity and specificity for each study and a pooled value across the included 
studies, it was necessary to extract data in the 2-way table form (TP, FP, FN, TN). Out of the 31 
included studies, we were able to extract the required data in 11 studies and they were: four papers 
were in the ‘Dysmature/disorganised pattern’ category, one paper in the ‘Burdjalov score’ category, 
one paper in the ‘Bursts’ category, and five papers in the ‘Various background features/unspecified’ 
category (see Table 3). 
3.5 Meta-analysis 
As two or more studies in each category are necessary to conduct a systematic review, only the 
‘Dysmature/disorganised patterns’ category had adequate studies with extractable data. A forest plot 
was generated with the data extracted from these four studies (n=255) in the 
‘Dysmature/disorganised patterns’ category (Figure 2). Pooled sensitivity and specificity from this 
meta-analysis were 0.63 (95%CI: 0.53-0.72) and 0.83 (95%CI: 0.74-0.89). HSROC curve of this 
meta-analysis is presented in Figure 3.   
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4. Discussion 
Various EEG features were analysed across the included studies and we were able to classify them 
into five categories based on their primary focus. Summarised findings were often presented instead 
of the raw results, this led to insufficient data available for extraction and limited systematic review. 
Only one meta-analysis with four studies in the ‘Dysmature/disorganised pattern’ category could be 
carried out. A total of 255 infants were included in these four studies. ‘Dysmature/disorganised 
pattern’ predicted cognitive outcome with a sensitivity of 0.63 (95%CI: 0.53-0.72) and specificity 
of 0.83 (95%CI: 0.74-0.89). The high specificity suggests that the absence of the 
‘Dysmature/disorganised pattern’ is a good predictor of normal cognitive outcome in preterm 
infants. Whilst other studies also suggest that various background EEG features other than 
‘Dysmature/disorganised pattern’ predict cognitive outcomes in preterm infants. A meta-analysis 
including those features could not be performed due to a lack of adequate data reporting and/or 
heterogeneity (see Table 3). Thus, a full list of the various EEG feature(s) that best predict cognitive 
outcome in preterm infants could not be determined.  
Based on the STROBE checklist, overall quality of the included studies varied, ranging from 11.5 to 
20.5 out of the optimal score of 22. This variability in quality could be due to the inconsistencies in 
classification of EEG features (this is further discussed below).  
Specifically, variations across the included studies were observed in ‘age at EEG’ (from birth till 
term equivalent age), ‘length of EEG recording’ (from 30 minutes to 72 hours of recording), and 
‘age at follow-up’ (from 4 months to 9 years of age). Although the overall findings indicated that 
various background EEG features could predict cognitive outcome across the included studies (i.e., 
with the noted variability in ‘age at EEG’ and ‘length of EEG recording’), the ideal approach might 
be achieved by recording and assessing EEG as early as feasible after birth which would provide an 
early prognosis and allow early effective interventions  (see review Spittle et al. , 2007) [25]. For 
future studies we recommend that EEG recording be carried out soon after birth. The EEG features 
that are normal or abnormal, change throughout the period between very preterm birth (e.g. 24 
  References 
131 
 
weeks GA) and term equivalent age. That is, a feature which is normal at 26 weeks may be 
abnormal at 34 weeks. This emphasises that (post-menstrual) age at time of EEG recording must be 
closely considered in any study. 
Assessments were carried out at a wide range of times from 4 months to 9 years of age in most 
cases using an age-appropriate neurodevelopment scale. The use of different assessment scales 
prevented systematic review. Breeman et al. [26] studied a large preterm-born cohort (n=260) and 
suggested adult IQ could be predicted by cognitive assessment at 2 years of age which supports 
other literature that prognostication in cognitive outcome of at-risk preterm infants can be carried 
out reasonably accurately as early as 2 years of age. It is therefore recommended that ‘age at follow-
up’ include standardised assessments at 2 years of age. 
Different studies used different background EEG features and there were varied definitions or 
inadequate descriptions. For example, of the five studies that examined interburst interval, each 
used different approaches including ‘greater than two standard deviation above the mean as 
abnormal’ [27] and ‘above one and a half the maximal value for the age group as severely 
abnormal’ [28]. A recent review by Awal et al. [29], which investigated the relationship between 
background EEG features and neurodevelopmental outcome in term neonates with hypoxic 
ischaemic encephalopathy, also identified large variations in feature definitions and also proposed 
the need for a unified classification. Use of standard definitions of EEG features in future studies 
would allow meta-analysis of comparable and adequate data. Quantitative EEG (qEEG) is a robust 
way to analyse background EEG activity, and again standardised definitions are desirable [30]. 
qEEG has been used widely in both children and adults, and has proven its use in diagnostic and 
prognostic measures in the diseased brain [31]. Various studies have reported qEEG analysis in 
neonates, but not in relation to outcome [32, 33]. Further use of qEEG in neonatal studies to predict 
outcome is warranted. 
This review highlights the variability among studies and emphasised the need to improve data and 
analysis in future studies. To our knowledge, this is the first review to systematically investigate the 
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relationship between background EEG and cognitive outcomes in very preterm infants. Although 
more evidence from further research is needed to draw definitive conclusions, some background 
EEG features are useful in predicting cognitive outcomes. In particular, a key finding of this meta-
analysis was that, across four studies, pooled specificity of the ‘Dysmature/disorganised pattern’ for 
predicting cognitive outcome was high. This suggests that this abnormal EEG pattern will be useful 
to inform future outcome prognoses for infants born very preterm.  
We suggest future neonatal EEG research should include: 1) EEG recording within a relatively 
narrow time interval in relation to both gestational and postnatal age; 2) use of agreed definitions of 
features, relevant to age at EEG, 3) use of objective quantitative EEG analysis; 4) cognitive follow-
up at 2 years of age or older; and 5) reporting of data in sufficient detail to allow meta-analysis. 
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Table 1. Quality assessment (STROBE checklist 22 parameters) of all included papers (in alphabetical order) 
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The STROBE checklist consists of: 1: Title and abstract; 2: Background/rationale; 3. Objectives; 4. Study design; 5. Setting; 6. Participants; 7. 
Variables; 8. Data sources/measurement; 9. Bias; 10. Study size; 11. Quantitative variables; 12. Statistical methods; 13. Participants; 14. Descriptive 
data; 15. Outcome data; 16. Main results; 17. Other analyses; 18. Key results; 19. Limitations; 20. Interpretation; 21. Generalisability; 22. Funding 
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Table 2. Data extracted from each included study (in alphabetical order) 
Study Sampl
e 
GA at 
birth 
(week) 
Type 
of 
EEG 
Age at EEG Length of 
EEG 
recording 
EEG features 
category 
Follow-up age Follow-up 
Assessment 
Biagioni et 
al. (1996) 
63 28-34 EEG <35 weeks PMA 40 minutes Dysmature/disorganis
ed pattern 
12 months Griffiths, Uzgiris-
Hunt Scales  
(Griffiths, 1954, 
Uzgiris et al. , 1975, 
Cioni et al. , 1993) 
Brevaut-
Malaty et 
al. (2010) 
202 24-32 EEG NS NS NS NS BREV  
(Billard et al. , 2002) 
Bruns et al. 
(2017) 
65 ≤32 aEEG <72hr after birth 4 hours Burdjalov score 24 months 
(or death) 
BSID-II 
(Bayley, 1993) 
Connell et 
al. (1988) 
54 <34 EEG <72hr after birth; 
continued in 2-4 
weeks intervals until 
discharge 
48 hours Various background 
features 
3-6 months 
intervals between 
6-24 months 
Griffiths; items from 
Amiel-Tison and 
Touwen 
(Griffiths, 1954, 
Touwen, 1979, Amiel-
Tison et al. , 1980) 
El-Dib et al. 
(2011) 
100 <34 aEEG <48hr after birth; 
and 1 week 
12 hours Burdjalov score 4 months BSID-II  
(Bayley, 1993) 
El-Dib et al. 
(2014) 
84 <34 aEEG 34 weeks PMA 12 hours Burdjalov score 9 and 18 months BSID-II  
(Bayley, 1993) 
Hayakawa 
et al. (1997) 
102 <31 EEG From birth to term 1-2 hours Various background 
features 
28-82 months Tsumori questionnaire 
(Tsumori et al. , 1979) 
Hayashi-
Kurahashi 
et al. (2012) 
333 <34 EEG Day 1-6, 7-29, 20-36 >40 minutes Dysmature/disorganis
ed pattern 
12-18 months Tsumori-Inage and 
Kyoto scales 
(Tsumori et al. , 1961, 
Ikuzawa et al. , 1995) 
Iyer et al. 
(2015) 
43 22-28 EEG 12, 24, 48, 72hr after 
birth 
70-120 
minutes 
Burst 2 years BSID-II 
(Bayley, 1993) 
Klebermass 
et al. (2011) 
143 <30 aEEG ≤2 weeks after birth 4 hours Various background 
features 
3 years BSID-II  
(Bayley, 1993) 
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Lacey et al. 
(1986) 
102 <32 EEG ≤7 days after birth 30-40 minutes Burst NS BSID 
(Bayley, 1969) 
Le Bihannic 
et al. (2012) 
76 <30 EEG ≤4 days after birth;  
31-32, 36 weeks GA 
1 hour Dysmature/disorganis
ed pattern 
4, 9, 18 months; 
3-4, 5-6 years 
BREV,ERTL4 
(Alla et al. , 1998, 
Billard et al. , 2002) 
Lloyd et al. 
(2016) 
43 <32 EEG <24hr after birth 72 hours Dysmature/disorganis
ed pattern 
2 years BSID-III 
(Bayley, 2006) 
Middel et 
al. (2018) 
71 26-32 aEEG <48hr after birth; 
and 2nd week after 
birth 
NS Burst 6-8 years WISC-III-NL 
(Kort et al. 2002) 
Monset-
Couchard 
et al. (1988) 
30 31±2 EEG NS NS NS up to 18 months Brunet-Lezine Test  
(Brunet et al. , 1971) 
Okumura et 
al. (2002) 
183 <33 EEG <72hr after birth; 
continued in 1-4 
week intervals until 
term 
>40 minutes Dysmatrue/disorganis
ed pattern 
3 months intervals 
between discharge 
and 18 months 
Tsumori-Inage scales; 
WPPSI, Tantaka-Binet 
intelligent scale  
(Tsumori et al. , 1961, 
Tanaka, 1970, 
Wechsler, 1974) 
Okumura et 
al. (2010) 
13 24-28 EEG <72hr after birth; 
Continued in 2-4 
week intervals until 
term 
1-2 hours Dysmature/disorganis
ed patterns 
3, 6, 9 years WPPSI- III, Tsumori-
Inage and Kyoto 
scales 
(Tsumori et al. , 1961, 
Ikuzawa et al. , 1995, 
Wechsler, 2002) 
Perivier et 
al. (2016) 
1744 <32 EEG 1-2 weeks; 
continued in 2 weeks 
intervals until 33 
weeks GA 
45 minutes Various background 
features 
2 years Brunet-Lezine Test, 
The Ages & Stages 
Questionnaire  
(Flamant et al. , 2011, 
Josse, 2011) 
Ralser et al. 
(2017) 
232 <32 aEEG <6hr after birth 72 hours Burdjalov score 12 months BSID-II  
(Bayley, 1993) 
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Reynolds et 
al. (2014) 
73 <30 aEEG ≤2 weeks of life; 30-
34, 37-41 weeks 
PMA 
72 hours Burdjalov score 2 years BSID-III  
(Bayley, 2006) 
Schumache
r et al. 
(2013) 
41 24-31 EEG <12hr to 3 days after 
birth 
3 days Power spectral 
analysis 
2 years BSID-II, Peabody-II 
(Bayley, 1993, Folio 
et al. , 2000) 
Schwindt et 
al. (2015) 
136 <30 aEEG ≤14 days after birth 3 hours Various background 
features 
2 years BSID-II; standardised 
neurologic exam 
including GMFCS 
(Amiel-Tison, 1987, 
Bayley, 1993, 
Rosenbaum et al. , 
2008) 
Selton et al. 
(2010) 
58 <29 EEG 6 weeks after birth NS Dysmature/disorganis
ed patterns 
12 months Brunet-Lezine Test  
(Brunet et al. , 1971) 
Selton et al. 
(2013) 
58 <29 EEG 6 weeks after birth 45 minutes Dysmature/disorganis
ed patterns 
5 years K-ABC 
(Kaufman et al. , 
1987) 
Song et al. 
(2015) 
324 <32 aEEG <72hr after birth 4-24 hours Burdjalov score Every month for 6 
months; 
every 3 months 
until 18 months 
BSID-II 
(Palisano et al. , 1997) 
Suppiej et 
al. (2017 
12 23-27 EEG 35 weeks post 
conception 
1 hour Power spectral 
analysis 
12 months Griffiths 
(Griffiths, 1954) 
El Ters et 
al. (2018) 
60 <30 aEEG Term 1.5-5 hours Burst 24-36 months BSID-III 
(Bayley, 2006) 
Weeke et al. 
(2017) 
77 <28 EEG <72hr after birth NS Various background 
features 
30 months, 5 
years 
BSID-III, WPPSI-III-
NL 
(Bayley, 2006, 
Wechsler, 2010) 
Welch et al. 
(2013) 
65 <28 aEEG 28-36 weeks PMA NS Burdjalov score 18-22 months BSID-III 
(Bayley, 2006) 
West et al. 
(2011) 
76 <29 EEG <48hr after birth 2-12 hours Various background 
features 
18 months BSID-II 
(Bayley, 1993) 
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Wikström 
et al. (2012) 
49 22-30 aEEG 
/EEG 
<72hr after birth 8 hours Burst 2 years BSID-II 
(Bayley, 1993) 
Summary 4712  n=19 
EEG 
n=11 
aEEG 
n=1 
aEEG/
EEG 
n=10 Within first 
week of life 
n=9 Week 1-6 
n=5 Continually 
from birth to term 
equivalent age 
n=7 Other/NS 
n=7 ≤1 hour 
n=12 1-12 
hour 
n=1 Up to 24 
hours 
n=1 Up to 48 
hours 
n=4 Up to 72 
hours 
n=6 NS 
n=8 
Dysmature/disorgani
sed pattern 
n=7 Burdjalov score 
n=5 Burst 
n=2 power spectral 
analysis 
n=9 Various 
background 
features/NS 
n=4 At 12 
months 
n=6 At 
(/continually up 
to) 18 months 
n=10 At 
(/continually up 
to) 2 years 
n=2 Continually 
up to 7 years 
n=9 Other/NS 
n=1 BSID 
n=11 BSID-II 
n=5 BSID-III 
n=3 Brunet-Lexine 
Test 
n=2 BREV 
n=3 Griffiths 
n=6 Other 
NS: not specified; GA: gestational age; PMA: postmenstrual age;  
BREV: Battery for Rapid Evaluation of Cognitive Functions; BSID: Bayley Scales of Infant Development;  
ERTL4: French screening test for language disorders of children aged 4; GMFCS: Gross motor function classification system;  
Griffiths: Griffiths Mental Development Scale; K-ABC: Kaufman Assessment Battery for Children;  
Kyoto scale: and Kyoto Scale of Psychological Development; Peabody-II: Peabody Developmental Motor Scale-2;  
Tsumori-Inage scale: Nyuyoji Seishin Hattatsu Shindanho 0-3 Sai Made (In Japanese);  
Tsumori questionnaire: Questionnaire Method for Measurement of Psychological Development of Infants and Young Children;  
WISC-III-NL: Wechsler Intelligence Scales for Children, ed 3, Dutch Version; 
WPPSI: Wechsler Preschool and Primary Scale Intelligence 
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Table 3. Completed two-way data extraction table with sensitivity and specificity calculated in Revman 
Background EEG categories 
/Author (Year)  
Sampl
e 
STROBE 
quality 
score (/22) 
TP 
Ab EEG; 
Ab 
Outcome 
FP 
Ab EEG; 
N 
Outcome 
FN 
N EEG; 
Ab 
Outcome 
TN 
N EEG; 
N 
Outcome 
Sensitivity  
(95% CI) 
*Pooled 
Specificity 
(95% CI) 
*Pooled 
Dysmature/disorganised pattern 
Biagioni et al. (2016) 63 14.7 2 7 1 53 0.67 (0.09-0.99) 0.88 (0.77-0.95) 
Le Bihannic et al. (2012) 76 13.3 20 3 16 22 0.56 (0.38-0.72) 0.88 (0.69-0.97) 
Selton et al. (2010) 58 15.6 21 7 14 14 0.60 (0.42-0.76) 0.67 (0.43-0.85) 
Selton et al. (2013) 58 17.2 20 5 6 20 0.77 (0.56-0.91) 0.80 (0.59-0.93) 
 255      *0.63 (0.53-
0.72) 
*0.83 (0.74-
0.89) 
Burdjalov score 
Song et al. (2015) 324 16.3 18 45 6 70 0.75 (0.53-0.90) 0.61 (0.51-0.70) 
Bursts 
Lacey et al. (1986) 102 12.3 26 47 17 56 0.60 (0.44-0.75) 0.54 (0.44-0.64) 
Various background features/Unspecified 
Hayakawa et al. (1997) 102 12.8 8 2 5 11 0.62 (0.32-0.86) 0.85 (0.55-0.98) 
Klebermass et al. (2011) 143 17.5 22 14 3 55 0.88 (0.69-0.97) 0.80 (0.68-0.88) 
Monset-Couchard et al. 
(1988) 
30 13.4 13 1 3 11 0.81 (0.54-0.96) 0.92 (0.62-1.00) 
Schwindt et al. (2015) 136 15.7 13 14 2 18 0.87 (0.60-0.98) 0.56 (0.38-0.74) 
West et al. (2011) 76 18.7 12 4 7 53 0.63 (0.38-0.84) 0.93 (0.83-0.98) 
TP: True Positive; FP: False Positive; FN: False Negative; TN: True Negative; Ab: Abnormal; N: Normal  
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Supplementary Table 1. All reported findings across all the included studies 
Author 
(Year) 
Groups 
TP 
Ab 
EEG
; 
Ab 
Outc
ome 
FP 
Ab 
EEG; 
N 
Outc
ome 
FP 
N 
EEG; 
Ab 
Outco
me 
TN 
N 
EEG; 
N 
Outc
ome 
Sensiti
vity 
(95% 
CI) 
Specif
icity 
(95% 
CI) 
Positiv
e 
predict
ive 
value 
(%) 
(95% 
CI) 
Negati
ve 
predict
ive 
value 
(%) 
(95% 
CI) 
OR 
(95% 
CI) 
Beta 
/regres
sion 
coeffic
ient 
AUC 
(95% 
CI) 
Corre
lation 
coeffi
cient 
Positiv
e 
likelih
ood 
ratio 
% 
corr
ectl
y 
pre
dict
ed 
Biagioni et 
al. (1996) 
At 28-30wk 2 0 0 5 
50 98  
At 31-32wk 0 3 1 13 
At 33-34wk 0 4 0 35 
Summed 2 7 1 53 
Brevaut-
Malaty et 
al. (2010) 
-  
2.92 
(1.11-
7.70)* 
 
Bruns et al. 
(2017) 
Day 1: HW 
BG 
7 10 11 22 
 
Day 1: HW 
SWC 
8 10 10 22 
Day 1: B 
continuity 
11 13 7 19 
Day 1: B SWC 9 14 9 18 
Day 1: B lower 
border 
16 27 2 5 
Day 1: B 
bandwidth 
16 27 2 5 
Day 2: HW 
BG 
5 6 19 31 
Day 2: HW 
SWC 
8 6 18 31 
Day 2: B 
continuity 
14 13 10 24 
Day 2: B SWC 12 9 12 28 
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Day 2: B lower 
border 
21 28 3 9 
Day 2: B 
bandwidth 
21 25 3 12 
Day 3: HW 
BG 
1 4 17 30 
Day 3: HW 
SWC 
4 4 14 30 
Day 3: B 
continuity 
9 9 9 25 
Day 3: B SWC 5 5 13 29 
Day 3: B lower 
border 
14 24 4 10 
Day 3: B 
bandwidth 
15 18 3 16 
Connell et 
al. (1988) 
Abnormal 
EEG lasting <3 
days 
2 8 
 
Abnormal 
EEG lasting 3-
7 days 
7 3 
Abnormal 
EEG lasting >7 
days 
3 1 
El-Dib et 
al. (2011) 
-  32 93 63 77  
El-Dib et 
al. (2014) 
MDI at 9mo 
 
0.32* 
 
PDI at 9mo 0.28* 
MDI at 18mo 0.02 
PDI at 18mo 0.08 
Hayakawa 
et al. (1997) 
- 8 2 5 11  
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Hayashi-
Kurahashi 
et al. (2012) 
Any grade of 
EEG: 
1st period 
 
61 
(45-
75) 
74 
(68-
80) 
27 92 
 
Any grade of 
EEG: 
2nd period 
60 
(44-
74) 
84 
(79-
88) 
36 93 
Any grade of 
EEG: 
3rd period 
50 
(35-
66) 
86 
(80-
90) 
38 91 
Mod to severe 
EEG: 
1st period 
41 
(27-
58) 
92 
(88-
95) 
46 91 
Mod to severe 
EEG: 
2nd period 
27 
(15-
43) 
95 
(92-
97) 
48 90 
Mod to severe 
EEG: 
3rd period 
25 
(14-
41) 
96 
(92-
98) 
50 88 
Iyer et al. 
(2015) 
-  
Up to 
100 
Close 
to 80 
 
Klebermass 
et al. (2011) 
Summed 
aEEG Wk 1 
73 13 10 36 
87 
(78-
94) 
73 
(58-
85) 
84 
(75-
91) 
78 
(66-
89) 
 
Summed 
aEEG Wk 2 
51 10 2 43 
83 
(71-
91) 
95 
(84-
99) 
96 
(87-
99) 
81 
(68-
90) 
Summed 
aEEG Wk 3 
35 10 4 29 
77 
(62-
88) 
87 
(71-
96) 
89 
(75-
97) 
74 
(57-
86) 
Summed 
aEEG Wk 4 
28 10 1 36 
72 
(56-
86) 
97 
(85-
99) 
96 
(82-
99) 
78 
(63-
89) 
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Summed 
aEEG Wk 1+2 
67 15 4 57 
81 
(71-
89) 
93 
(84-
98) 
94 
(84-
98) 
79 
(67-
87) 
Summed 
aEEG Wk 1+2 
(no sed.) 
22 14 3 55 
61 
(43-
76) 
98 
(90-
99) 
95 
(78-
99) 
79 
(68-
88) 
Background 
activity Wk 1 
70 16 5 41 
81 
(71-
88) 
89 
(76-
96) 
93 
(85-
97) 
71 
(58-
83) 
Background 
activity Wk 2 
42 19 2 43 
68 
(55-
80) 
95 
(84-
99) 
95 
(84-
99) 
69 
(56-
80) 
Background 
activity Wk 3 
23 22 2 31 
51 
(35-
66) 
90 
(70-
98) 
92 
(73-
65) 
47 
(32-
65) 
Background 
activity Wk 4 
19 19 1 36 
73 
(56-
86) 
97 
(85-
99) 
95 
(75-
99) 
65 
(51-
77) 
Background 
activity Wk 
1+2 
62 20 2 59 
75 
(64-
84) 
96 
(88-
99) 
96 
(89-
99) 
74 
(63-
83) 
Background 
activity Wk 
1+2 (no sed.) 
17 19 1 55 
47 
(30-
64) 
98 
(90-
99) 
94 
(72-
99) 
74 
(62-
83) 
Lacey et al. 
(1986) 
- 26 47 17 56  
Le 
Bihannic et 
al. (2012) 
- 20 3 16 22 83 88 91 79  
Lloyd et al. 
(2016) 
-  8 24 
50 
(25-
73) 
89 
(75-
100) 
73 
(42-
100) 
75 
(60-
91) 
 
0.69 
(0.55-
0.83) 
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Middel et 
al. (2018) 
Mean p5 of the 
1st recordinga 
 
-
0.381
* 
 
Mean p50 of 
the 1st 
recordinga 
0.347
* 
Mean p50 of 
the 2nd 
recordinga 
-
0.334
* 
Mean p95 of 
the 2nd 
recordinga 
0.318
* 
Monset-
Couchard et 
al. (1988) 
Early EEG 13 1 3 11 
 
Late EEG 7 0 8 6 
Okumura et 
al. (2002) 
Disorganised 
pattern 
12 31 
 
Dysmature 
patterns 
3 25 
Okumura et 
al. (2010) 
- 2 2  
Perivier et 
al. (2016) 
Mod abnormal 
EEG 
 
1.88 
(1.39-
2.53)* 
 
Very abnormal 
EEG (global) 
4.43 
(2.90-
6.76)* 
Very abnormal 
EEG with 
permanent 
moderate 
abnormalities 
3.00 
(1.80-
4.98)* 
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Very abnormal 
EEG with 
transient 
severe 
abnormalities 
7.86 
(3.32-
18.6)* 
Very abnormal 
EEG with 
permanent 
severe 
abnormalities 
31.4 
(3.91-
252)* 
Ralser et al. 
(2017) 
Burdjalov 
score ≤4 at age 
of 18-24hr 
predicting 
neurodevelop
mental delay 
 
67 57 46 77 
 
Burdjalov 
score <5 at age 
of 30-36hr 
predicting 
neurodevelop
mental delay 
68 61 78 47 
Reynolds et 
al. (2014) 
- ‘not significant’ 
Schumache
r et al. 
(2013) 
Day 1: Delta 
 
60-67 60-94 
 
Day 1: Theta 29-57 57-87 
Day 1: Alpha 40-71 64-88 
Day 1: Beta 33-67 60-84 
Day 2: Delta 50-75 
69-
100 
Day 2: Theta 44-67 
67-
100 
Day 2: Alpha 50-75 
67-
100 
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Day 2: Beta 67-83 
67-
100 
Day 3: Delta 60-67 67-94 
Day 3: Theta 60-71 64-96 
Day 3: Alpha 50-71 64-89 
Day 3: Beta 50-75 69-94 
Schwindt et 
al. (2015) 
AGA 7 17 2 63 
 
SGA 13 14 2 18 
Selton et al. 
(2010) 
- 21 7 14 14  
Selton et al. 
(2013) 
- 20 5 6 20  
Song et al. 
(2015) 
- 18 45 6 70 75 61 29 92  
Suppiej et 
al. (2017 
Delta spectral 
power 
 
-
0.68* 
 
Alpha spectral 
power 
0.61* 
Beta spectral 
power 
0.63* 
El Ters et 
al. (2018) 
Left SEP90 
<9.2 
 
5.6 
(1.5-
21.2)* 
 
Absent 
cyclicity 
 
16.8 
(3.1-
91.8)* 
 
Absent 
cyclicity + 
SEP90 <9.2 
 
19.5 
(3.5-
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108.5)
* 
Weeke et 
al. (2017) 
- ‘not significant’ 
Welch et al. 
(2013) 
-  -1.85  
West et al. 
(2011) 
Neurophysiolo
gist 
12 4 7 53 63 93 75 88 
 
9.0 
 
Continuity at 
25-µV 
threshold 
11 16 8 41 58 72 41 84 2.0 
Continuity at 
50-µV 
threshold 
9 13 10 44 47 77 41 81 2.1 
Wikström 
et al. (2012) 
aEEG/EEG: 
burst 
suppression 
 
89 67 
 
76 
aEEG: 
no continuous 
activity 
89 53 63 
aEEG/EEG: 
no cyclicity 
58 77 69 
EEG: median 
IBI >6s in 
long-term 
monitoring 24-
48hr 
63 79 73 
EEG: IB% 
>55% in long-
term 
monitoring 24-
48hr 
59 90 78 
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EEG: median 
IBI>6s in 1hr 
rec at 24hr 
67 79 74 
EEG: IB% 
>55% in 1hr 
rec at 24hr 
72 83 79 
95% CI: confidence interval at 95%; Mod: moderate; OR: odds ratio; * indicating p<0.05; AUC: area under the receiver operator characteristic 
a: p=amplitude percentile (i.e., p5=5th amplitude percentile) 
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6. Appendix 
A. Literature search in each database on 16 April 2018: 
CINAHL 
((MH "Electroencephalography") OR electroencephalography OR EEG) AND (((MH "Infant, Very 
Low Birth Weight") OR (MH "Infant, Low Birth Weight")) AND ("premature" OR "preterm" OR 
"low birth weight") AND (infant* OR neonate" OR newborn)) AND ((MH "Developmental 
Disabilities") OR (MH "Neuropsychological Tests") OR ("Denver Developmental Screening Test" 
OR "griffiths mental development scales" OR "alberta infant motor scale" OR "prechtl scale" OR 
bayley scales infant development OR neurodevelopmental OR “neurological assessment” OR 
(developmental AND outcome)) 
PsycINFO  
((Any Field:(Any Field:(premature) OR Any Field:(preterm) OR Any Field:(prematurity) OR Any 
Field:(low birth weight) AND Any Field:(Any Field: infant*) OR Any Field:(neonate*) OR Any 
Field:(newborn)))) AND ((Index Terms:(Electroencephalography)) OR (Any 
Field:("electroencephalography" OR electroencephalogram OR "EEG"))) AND ((Index 
Terms:(Developmental Disabilities)) OR (Index Terms:(Neuropsychological Assessment)) OR 
(Any Field:(((((("Denver Developmental Screening Test") OR "griffiths mental development 
scales") OR "alberta infant motor scale") OR "prechtl scale") OR bayley scales infant development) 
OR neurodevelopmental OR "neurological assessment" OR (developmental AND outcome)))) 
Embase  
(‘electroencephalography’:ab,ti OR electroencephalography:ab,ti OR eeg:ab,ti OR 
electroencephalogram:ab,ti) AND (‘premature':ab,ti OR 'preterm':ab,ti OR 'low birth weight':ab,ti 
OR 'prematurity'/exp) AND (‘denver developmental screening test’ OR ‘griffiths mental 
development scales’ OR ‘alberta infant motor scale’ OR ‘prechtl scale’ OR bayley scales of infant 
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development’ OR neurodevelopmental:ab,ti OR ‘developmental disabilities’:ab,ti OR 
‘developmental outcome’:ab,ti OR ‘developmental outcomes’:ab,ti) 
Cochrane Library  
((neurodevelopmental or "neurological assessment" or (developmental and outcome):ti,ab,kw 
(Word variations have been searched)) OR (MeSH descriptor: [Neuropsychological Tests] explode 
all trees) OR (MeSH descriptor: [Developmental Disabilities] explode all trees)) AND 
(("electroencephalography" or "EEG" or electroencephalogram:ti,ab,kw (Word variations have been 
searched)) OR (MeSH descriptor: [Electroencephalography] explode all trees)) AND (((infant* or 
neonate* or newborn:ti,ab,kw (Word variations have been searched)) AND (premature or preterm 
or prematurity or low birth weight:ti,ab,kw (Word variations have been searched))) OR (MeSH 
descriptor: [Infant, Premature] explode all trees) OR (MeSH descriptor: [Infant, Low Birth Weight] 
explode all trees)) 
Web of Science 
(TOPIC: ((("Electroencephalography" OR electroencephalography OR EEG OR 
electroencephalogram)))) AND (TOPIC: (((("premature" OR "preterm" OR "low birth weight") 
AND (infant* OR neonate* OR newborn) OR "Infant, Very Low Birth Weight" OR "Infant, Low 
Birth Weight" OR "Infant, Premature")))) AND (TOPIC: ((("Denver Developmental Screening 
Test" OR "griffiths mental development scales" OR "alberta infant motor scale" OR "prechtl scale" 
OR bayley scales infant development OR neurodevelopmental OR neurological assessment OR 
(developmental AND outcome) OR "neuropsychological tests" OR "Developmental 
Disabilities")))) 
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7. List of Figures 
Figure 1.  Flowchart of search and selection process (PRISMA 2009) 
Figure 2.  Data extraction and forest plot of the meta-analysis in the ‘Dysmature/disorganised 
pattern’ category (n=4). TP: True positive (number of infants with Abnormal EEG and Abnormal 
outcome); FP: False positive (number of infants with Abnormal EEG and Normal outcome); FN: 
False negative (number of infants with Normal EEG and Abnormal outcome); TN: True negative 
(number of infants with Normal EEG and Normal outcome). 
Figure 3.  HSROC model of the meta-analysis (n=4) generated in STAT (Stata 2009). Each 
circle illustrates each study sample. HSROC curve (solid line) shows the summary curve from the 
HSROC model. The summary point (red square) represents the summary value for the sensitivity 
and specificity, which is confined by the 95% confidence region (red dashed line). The 95% 
prediction region (blue dotted line) indicated the confidence region for estimated sensitivity and 
specificity of future studies. 
  
  References 
158 
 
 
 
Figure 1. Flowchart of search and selection process (PRISMA 2009) 
  
  References 
159 
 
 
 
Figure 2.  Data extraction and forest plot of the meta-analysis in the ‘Dysmature/disorganised 
pattern’ category (n=4). TP: True positive (number of infants with Abnormal EEG and Abnormal 
outcome); FP: False positive (number of infants with Abnormal EEG and Normal outcome); FN: 
False negative (number of infants with Normal EEG and Abnormal outcome); TN: True negative 
(number of infants with Normal EEG and Normal outcome). 
  
  References 
160 
 
 
 
Figure 3.  HSROC model of the meta-analysis (n=4) generated in STAT (Stata 2009). Each 
circle illustrates each study sample. HSROC curve (solid line) shows the summary curve from the 
HSROC model. The summary point (red square) represents the summary value for the sensitivity 
and specificity, which is confined by the 95% confidence region (red dashed line). The 95% 
prediction region (blue dotted line) indicated the confidence region for estimated sensitivity and 
specificity of future studies. 
 
 
 
